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l.  GENERAL,  description 

Refinements  of  climb  path  and  aid  ratne  design  have  redefined  the 
Supersonic  Transport  propulsion  requirements.  It  was  felt  desirab’.e 
to  determine  the  effect  of  these  changes  on  the  relative  capabilities  of 
a  fully  augmented  turbojet  cycle  and  the  duct-burning  turbofan.  Since 
a  true  comparison  of  the  advantages  of  each  type  of  powerplant  can  be 
made  only  with  firm,  consistent  engine  designs,  a  refinement  of  the 
turbojet  engine  configuration  reported  in  Phase  II- A  was  made. 

The  configuration  and  size  chosen  for  the  Phase  II- B  detailed  study  is 
a  h ingle- spool,  three- bearing  rotor  engine  having  a  nine  stage 
..ompressor  with  a  two-position  inlet  guide  vane.  The  two 
stage  turbine  is  an  overhung  design.  The  combustion  systems  selected 
for  the  study  included  a  ram  induction  main  burner  and  a  short,  fully 
augmented  afterburner.  The  ejector-rever ser  configuration  chosen 
is  a  sliding  shroud,  two-position,  blow-in  door  ejector  similar  to 
that  designed  for  the  STF219  turbofan  engine, 

A  review  of  current  airframe-engine  studies  conducted  by  Boeing, 
Lockheed,  and  Pratt  &  Whitney  Aircraft  indicates  that  an  engine  having 
the  following  characteristics  would  be  representative: 


Airflow  ( lb/ sec) 

Compressor  Pressure  Ratio 
Turbine  Inlet  Temperature  ( °F) 
Maximum  Tailpipe  Temperature  (°F) 


525 
9.  26 

2000-2300 

3100 


Maximum  Compressor  Inlet  Temperature  (°F)  525 

The  results  of  this  design  study  show  the  configuration  to  be  feasible, 
with  many  construction  details  similar  to  those  now  employed  in  the 
JTl'D-20.  The  design  study  covered  variations  in  number  of  com- 
pres  tor  stages,  and  the  comparison  of  2300®F  and  2000°F  turbine 
inlet  temperature  turbine  configurations.  The  conclusions  to  date 
are  that  the  selected  nine  stage  configuration  is  lighter  and  has  more 
turbine  temperature  capability  than  a  competitive  eight  stage  design 
because  of  a  lower  operating  rpm.  Design  studies  have  shown  that 
the  final  turbine  inlet  temperature  rating  of  2300’F  is  a  realistic 
development  goal,  The  bases  for  these  conclusions  arc  the  result 
of  comprehensive  analytical  studies  and  extensive  experimental  testing 
of  the  JT4  High  Temperature  Turbine  Development  engine  and  the  JT11D-20 
at  Mach  3  environmental  conditions  at  temperatures  in  excess  of  2200"  F. 
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However,  it  should  be  noted  that  past  experience  on  long  life  commercial 
engines  has  shown  that  only  through  service  experience  can  the  true 
life  (TBO)  be  determined.  Extended  life  and  uprating  of  the  engines 
(increased  turbine  inlet  temperature)  have  been  attained  only  by  an 
extensive  development  program  based  on  service  experience. 
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II.  AERODYNAMIC  TURBOJET  STUDIES 
1.  COMPRESSOR 

The  compressor  requirements  for  the  STJ227  engine  are  listed  below: 


Inlet  Corrected  Flow  (lb/sec)  525 

Pressure  Ratio  9-26:1 

Adiabatic  Efficiency  0.83 

Polytropic  Efficiency  0.875 


Detailed  design  work  has  progressed  on  a  nine  stage  compressor.  The 
pertinent  design  parameters  are  listed  below: 


Configuration 

Number 

Stages 

Inlet 

Specific 

Flow 

(lb/ sec/ft.  ) 

RPM 

Inlet 

Hub/Tip 

Ratio 

Exit  Mach 

No. 

Avg 

AP/q 

Avg  Wheel 
Speed 
(ft/ sec) 

Constant  Mean 
Diameter 

9 

40 

4800 

0. 477 

0.  38 

0.  41 

864 

2 

The  sea  level  static  inlet  specific  flow  of  the  compressor  is  40  lb/ sec/ft  , 
which  results  in  a  specific  flow  of  42.  3  at  the  transonic  acceleration 
condition. 

Figure  2B-1  is  a  plot  of  compressor  efficiency  versus  specific  flow 
resulting  from  JT11D-23  rig  and  engine  testing.  The  sea  level  static 
and  transonic  acceleration  operating  requirements  appear  attainable. 
However,  these  requirements  will  dictate  some  additional  development. 

The  use  of  a  ram  induction  burner  in  the  STJ227,  with  its  higher 
allowable  air  inlet  velocity,  permits  the  use  of  a  higher  exit  velocity 
from  the  compressor,  with  a  resulting  decrease  in  required  wheel 
speed  and  a  lighter  weight  compressor.  Based  on  analyses  of  the 
burner,  diffuser,  and  compressor  combination,  a  design  exit  Mach 
number  of  0.  38  was  chosen. 

The  design  philosophy  for  this  compressor  utilizes  a  relatively  low 
wheel  speed,  high  flow  coefficient  (Cx/u)  concept.  This  can  be 
explained  more  fully  by  examination  of  Figures  2B-2  and  2b-3, 
which  show  the  relationship  between  flow  coefficient,  work  coefficient, 
and  loading  (Ap/q  and  diffusion  factor).  For  a  known  value  of  com¬ 
pressor  work  (enthalpy  rise  or  pressure  ratio)  and  aerodynamic  loading 
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(AP/q  or  diffusion  factor),  a  compressor  could  be  designed  at  eitner 
high  wheel  speed  and  low  number  of  stages  (low  Cx/u)  or  low  wheel 
speed  with  more  stages  (high  Cx/u) . 

The  selection  between  the  two  configurations  can  be  made  on  the  basis 
of  weight  and  performance  for  each  specific  compressor  operating 
envelope  requirement.  In  general,  compressor  weight  varies  as  the 
square  of  the  wheel  speed  and  directly  with  the  number  of  stages. 

This  would  suggest  the  selection  of  the  greater  number  of  stages 
unless  some  other  mechanical  consideration  controlled. 

In  addition  to  the  weight  consideration,  attaining  high  cruise  efficiency 
with  minimum  development  is  of  considerable  importance.  High 
efficiency  at  reduced  corrected  epeeds  is  easier  to  achieve  with  a 
fewer  number  of  stages.  At  part  speed,  compressor  front  and  rear 
stages  are  forced  to  operate  with  mismatched  incidences.  Reducing 
the  number  of  stages  helps  to  lower  the  range  of  incidence  that  these 
stages  must  accept. 

Therefore,  in  addition  to  the  nine  stage  low  wheel  speed  compressor, 
a  backup  design  utilizing  eight  stages  with  higher  wheel  speed  is  being 
analyzed.  The  pertinent  design  parameters  for  this  compressor  are 
listed  below.  Although  final  weight  estimates  have  not  been  completed 
for  this  design,  the  preliminary  weight  estimates  indicate  the  eight 


stage 

machine 

to  be  heavier. 

Configuration 

Number 

Specific 

RPM 

Inlet 

Hub/Tip 

Exit  Mach  Avg 

Avg  Wheel 

Stages 

Flow  ^ 

Ratio 

No.  AP/q 

Speed 

Constant  3/4 

(lb/sec/ft  ) 

(ft/  sec) 

diameter 

8 

41.4 

5240 

0.  48  5 

0.  382  0.  382 

1025 

Flowpathe  for  the  two  designs  are  shown  in  Figures  2B-4  and  2B-5. 

2.  MAIN  BURNER 

The  design  objectives  of  a  burner  configuration  include  an  efficient 
combustion  process  capable  of  delivering  the  specified  temperature 
profile  while  having  a  minimum  pressure  loss.  The  ram  induction 
burner  shown  in  Figure  2B-6  was  chosen  aa  the  one  most  capable 
of  being  developed  to  these  objectives.  An  added  advantage  of  this 
typo  burner  system  is  the  compatibility  with  the  low  wheel  speed,  low 
weight  compressor  design.  Analytical  studies  of  can-annular  and 
annular  burners  of  both  conventional  and  ram  induction  type  verified 
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the  choice  of  this  burner  system.  Recent  testing  under  Phase  II-A 
and  II-B,  plus  other  company- sponsored  testing,  has  confirmed  the 
study  results . 

Rig  testing  substantiating  the  design  objectives  has  demonstrated 
temperature  profiles  of  1.  l^TVR  Max  ’’  enip  Rise  _  1  t4max  -  1 13 

Temp  Rise  '  -  T~ 

with  6-8%  pressure  loss  at  critical  points  of  the  SST  flight  path. 

The  ram  induction  burner  utilizes  a  diffuser  and  turning  vanes  or 
scoops  to  prepare  air  for  entering  the  combustor.  The  scoops  partially 
diffuse  the  air  and  turn  it  efficiently  into  the  burner.  The  velocity 
head  carries  the  air  into  the  burner,  and  thus  no  static  pressure  drop 
is  required  at  the  combustor  wall.  This  design  eliminates  the  need  for 
part  of  the  diffuser,  thereby  saving  length  and  weight.  It  also  reduces 
pressure  drop,  because  the  pressure  loss  associated  with  the  extra 
length  of  the  diffuser  is  eliminated.  In  addition,  a  large  proportion  of 
the  pressure  loss  is  used  efficiently  for  mixing  combustion  gases,  air, 
and  fuel  vapors. 

Total  system  pressure  losses  are  attributed  to  diffuser  loss,  scoop 
turning  and  dump  loss,  and  a  burning  or  momentum  pressure  loss. 
Current  analytical  estimates  of  pressure  loss  values  are  summarized 
as  follows: 


Diffuser  loss  0.  2  (q  -  q  )  psi 

1  Ct 

Scoop  turning  and  dump  loss  1.3  (q^>  psi 


where: 


=  compressor  discharge  velocity  head  psi 

=  velocity  head  :  i  the  plane  of  the  scoop  psi 

These  estimates  of  pressure  loss  predict  rig  cold  flow  test  results. 
Burning  or  momentum  pressure  loss  is  directly  calculated  by  a  single 
heat  addition  equation  and  is  a  function  of  stream  Mach  number  and 
burner  temperature  ratio.  The  total  STJ227  burner  system  pressure 
loss  estimates  are  shown  in  Figure  2B-7. 
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The  diffuser  configuration  of  the  ram  induction  burner  incorporates 
the  burner  forward  section  which  forms  a  portion  of  the  airflow  paths. 
The  small  angle  turns  and  relatively  long  length /diameter  of  each  air¬ 
flow  path  give  a  highly  efficient  diffusion  process.  Diffuser  equivalent 
conical  angles  (ECA)  fall  between  5  and  6  degrees.  The  efficient  stable 
diffuser  operation  assures  smooth  combustion  and  promotes  the 
capability  of  generating  a  good  turbine  inlet  temperature  profile. 

Compressor  exit  velocity  profile  shifts  between  sea  level  and  altitude 
flight  conditions.  This  flow  shift  generally  weakens  large  ECA  diffuser 
operation  by  causing  local  wall  separation  and  translatory  stall.  Rig 
testing  on  ram  induction  burners  indicates  that  the  small  equivalent 
conical  angle  diffuser  in  conjunction  with  th;  3  burner  is  insensitive  to 
compressor  profile  shifts,  resulting  in  negligible  changes  in  burner 
exit  temperature  profile.  Figures  2B-8  and  2B-9  illustrate  com¬ 
pressor  exit  velocity  profiles,  and  Figure  2B-10  depicts  the  resulting 
temperature  profile  variation. 

An  additional  characteristic  of  the  ram  induction  burner  is  that  scoop 
walls  are  cooled  by  the  high  velocity  air  passing  through  them.  Rig 
development  tests  to  date  have  demonstrated  the  capability  of  scoops 
to  protrude  to  the  combustor  centerline  and  still  maintain  structural 
integrity.  This  flexibility  in  scoop  protrusion  into  the  combustion 
gas  path  ensures  the  capability  of  air  dilution  of  combustion  products 
to  any  desired  turbine  inlet  temperature  profile.  In  addition,  early 
rig  development  of  the  ram  induction  burner  has  demonstrated  the 
ability  to  shift  temperature  profile  from  a  cold-to-hot  core.  Figures 
2B-11  and  2B-12  show  the  combustor  exit  temperature  profile  shift. 

The  selected  combustor  air  distribution  is  illustrated  in  Figure  2B-13. 
Combustor  wall  cooling  is  accomplished  utilizing  both  convective  and 
film  cooling.  Pratt  &  Whitney  Aircraft  experience  in  combustor  design 
ensures  these  methods  of  cooling  to  be  satisfactory  in  d  veloping  a 
durable  combustor  configuration. 

Combustor  operation  has  been  satisfactorily  demonstrated  over  a  wide 
fuel  air  ratio.  Thermally  smooth  and  stable  operation  from  0.  00072  to 
0.  033  exceeds  the  expected  operating  range  of  0.  008  to  0.  021. 

Ignition  will  be  provided  by  two  high  energy  spark  igniters  located  in 
the  primary  zone  of  the  combustor.  The  annular  configuration  allows 
ease  of  flame  propagation  around  the  full  circumference. 


I 

1 

I 

I 

I 

I 

1 

I 

I 

I 

I 

i 

I 

I 

I 


9: 

1 


CONFIDENTIAL 


PRATT  A  WHITNBV  AlRCHAA  i 


rONPIOCNTIAi. 


PWA-  2600 


% 


3.  TURBINE 


a .  tntroduc t  ion 


The  turbojet  preliminary  dt-nign  .’tudy  centered  on  selection  of  turbine 
configuration  and  design  criteria*-  Working  within  the  basic  findings  of 
Phase  II-A  that  a  two  stage  turbine  would  beat  serve  the  requirements 
of  the  STJ227,  studies  were  made  of  flow  schedule,  velocity  ratio  vs 
efficiency,  and  weight.  The  results  of  these  studios  are  described  in 
Section  III- 19.  Experience  1ms  shown  t ha t  many  critical  design  prob¬ 
lems  do  not  become  evident  until  a  detailed  design  la  undertaken. 
Therefore,  a  detail  design  was  started  before  the  final  selection  of  sUs 
and  flow  schedule  had  been  made, 


The  work  accomplished  on  the  turbojet  engine  has  been  less  compre¬ 
hensive  than  that  described  for  STF219.  Where  poiinlblo,  comple¬ 
mentary  or  alternate  approaches  were  taken  in  order  to  make  maxi¬ 
mum  use  of  all  design  effort.  For  Instance,  the  baffled  blade  has  bean 
used  as  the  first  approach  with  the  three-hole  blade  an  a  backup,  In 
general  the  conclusions  reached  in  the  STF219  report  are  applicable 
to  the  STJ227,  except  an  influenced  by  the  absolute  sir.a  of  the  parts  and 
the  detailed  blado  shapes.  The  second  stage  of  the  turbofau  sees  lower 
temperatures  than  the  turbojet  because  of  the  greater  work  required 
from  the  first  stage  of  STF219-  ! 

i 

j 

i 

The  structural  design  requirement  of  3000  hours  time  between  over-  f 

hauls  (TBO)  has  been  exceeded  in  all  turbine  parte.  'Nile  wae  done  j 

without  sacrificing  the  high  efficiency  necessary  to  meet  the  perform-  ; 

anco  requirements  of  the  STJ227,  The  cooling  schemes  used  for  the  j 

STJ227  a1.  **,  adaptations  of  proven  designs  used  In  the  JTJ1  P-20,  The 
schemes  used  extend  the  calculated  TBO  beyond  the  3000  hour  goal  for 
2000°  F  turbine  inlet  temperature,  and  allow  lull  tally  a  limited  life  at 
?.300°F  tuibine  inlet  tomperature.  Continued  lmprovoim  r.ts  in  cooling 
schemes  and  materials  will  be  pursued  to  obtain  a  'I  130  of  3000  bourn 
at  the  basic  engine  rating  of  2300“  F.  The  total  cooling  air  require¬ 
ments  for  the  STJ227  turbojet  engine  (including  the  estimated  seal  and 
platform  leakaga  rates)  have  been  computer!  for  llio  turbine  airfoils 
( Figure  2 B-  14). 
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l;4l‘.i 1 e  2J3-  1ft  shown  H  e  reni.lta  of  Ibe  hoot  balance  study  f or  ihe  ft i*«| 
uifttfp  ifo.nva  of  the  STJ227.  In  the  cace  of  convective  moling,  the  high 
degree  a!  vc rubbing  and  turbulence  In  the  cooling  air  pasaagcn,  which 
pi •xjijf. on  highly  irtf/lciuni  cooling,  also  produces  high  presottre  Ioo«pb 
I'hw  required  Supply  ri'Miuri"  to  (lip  airfoils  |b  shown  as  9*?%  of  com- 
pieusor  vlfHChni'g/  (ocneufe. 


Jills  Curve  .s  On/’  Jot vi e  of  poaeiblu  designs  that  are  considered  ataie-of* 
Wie-tirl  lit  convtfC t ive  cooling  techniques,  7  he  designs  are  based  on 
evfin rimn; e  gained  from  development  of  air  ooolefl  varies  for  the  3  !  I  ID- 
20  arid  iipfti'fltloo  of  (Ida  engine  fil  over  2200* F  turbine  inlet  lempera- 
lure  <ti  simulated  Marti  3  conditions, 


Type  of  Coating 


Mum  T  %  r/A 


Slate- 

# 


of-ilia*  Art 


Convective 


2000  1 .  30 

2300  5*  d,  0% 


Iliase  dais  Indicate  that  a  HIOU  hour  life  for  Die  firm  singe  vane  In  a 
2000*  F  lurOlno  can  be  achieved  willi  s(nte*pf-tlns»art  oonvetMive  wool- 
ing. 
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I).  I  he  Kffec  t  of  C.oinluuafoi  J)r>nl(jn  On  Turbine  Lllr 

Turbine  durability  to  Influenced  to  a  u ln"  •  degree  by  cumhuittor  per* 
for mA nc <>i  To  provide  maximum  1 1 f r» .  ilm  comhualor  nmol  deliver  a 
specified  i‘d<Jlal  tempo rnMire  profile  arid.  •  •  l  Dm  kamr  time,  mtulmi/i' 
e I rrumferenllal  leinperaluris  dlfclorlion  in  * h e»  form  ra f  local  no\  apod. 
An  improper  radial  profile  can  causa  estt  oflaive  iIiuIp  cramp  and 
excoiiMlve  dial  rose  on  turbine  dlrl*  rlma  and  .nan  oU»'  n.oenl  arena 

Local  hot  apota  redtigf?  life  by  vntisini!  ax»?n«iiive  local  oxidation, 
erosion,  and  eroep,  (lie  annular  combustor  proposed  for  Dm  ti‘T.lAA7 
unglue  lias  ho  on  designed  in  deliver  an  optimum  radial  tnmpnraiiiry 
profile  with  minimum  hot  sprite. 

'The  bsflis  bur  nor  (Ionian  Approach  ciusuly  pnrn)|e|a  |  h  a  t  laltoi*  on  tlm 
B'i' l’'Z  I ‘).  For  it  more  detailed  >liecuea|oii  ruler  to  d.e  Turbine  fleet  |  on 
of  ilia  V L  1  9  report , 


i- ,  Coole  d  T  (irbiiip  Design 
( I )  FI  rat  Hlage  Vann 

j  lie  rooting  configu  rations  for  Die  vanes  and  l/laden  are  dDl* 

cussed  in  Suction  Tinian  Initial  designs  u no  (lie  same  basic 

schemes  Dial  were  /ley'  loped  (or  Dm  ’  lltij“A,ij  which  cv.'tS  designed 
for  high  fvlii € li  number,  high  turbine  inloi  temperature  operation.  boom 
modlficnl lone  to  llmse  schemes  liavu  b««n  mode  to  obtain  better  lump- 
is  r  a  till’d  distributions  conelatanl  wbh  Die  deaign  re'piirumartta  for  the 
AST  application. 

Ollier  configurations  liavo  been  evaluated  In  the  den.yn  of  /IT  l' A  I  'I  end 
are  discussed  in  Dint  section,  In  germ rsl,  Die  studies  are  applicable 
lo  holii  engines  uacept  as  qualified  In  the  In t rmluctlon. 
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The  first  vane  ccmftgurat Ion  consists  of  a  cooling  supply  lube  Installed 
inside  a  cnsi  hollow  airfoil  (Figure  <2)3-16).  Moira  In  Ihn  lending  edge 
of  the  lube  provide  Impingement  cooling  for  the  airfoil  lending  edge, 
lioler  around  the  aides  and  trailing  edge  of  I lir  lube  supply  additional 
c ool iii (4  air  lo  obtain  the  desired  flat  tempo mUire  pioflJo,  One  of  the 
ndviinlttijoH  of  thin  nelieme  In  the  dcvelopmen!  flexibility  allow  ed  bv  tlio 
removable  cooling  lube.  Both  spanwisr  nml  dm rdw Ian  temp. islure 
gradients  enn  be  controlled  by  providing  holes  In  tlm  cooling  supply 
tube  ao  raqutroments  are  determined  from  tenting,  Figure  213-17  Is  a 
composite  of  results  from  sialic  boat  transfer  rig  tenting  of  flevet'a! 
cooling  lube  configurations  of  the  name  aerodynamic  design,  The 
significant  point  la  the  extremes  of  gradients  obtained  In  these  lents, 
This  Indicates  that  the  cooling  schema  can  be  tailored  to  produce  ap¬ 
proximately  the  desired  temperature  profile,  An  estimate  of  tlm  metal 
temperatures  dial  will  bo  obtained  in  Ills  vane  design  selected  for  Hie 
8TJ227  la  given  in  Figure  21)-  111, 

(<?)  First  Stage  Blade 


•se 

1 


The  first  blade  configuration  is  an  adaptation  of  the  baffle  scheme 
developed  for  the  JT11D-20,  The  baffling  arrangement  is  designed  in 
provide  several  desirable  features: 


Cor  i  a  cl  metering  of  the  flow  lo  the  three  main  arena  (leading  edge, 
mid-chord,  and  trailing  edge) 

Higher  thermal  efficiency  by  increasing  cooling  nit*  velocity  and 
vurle*  general  ion 

Mixing  of  the*  three  main  flows  at  several  locations  HpAnwis?  to 
ensure  thorcjwlie  equalization  of  cooling  air  temperature, 

The  Imffle  uilteinn  is  a  second  generation  JTl  ID-20  blade  cooling 
configuration,  The  original  configuration  conflislu  nt  a  single  cavity, 
hollow  blade  with  pine  connecting  the  (wo  sides,  These  pins  provide 
both  structural  rigidity  and  some  degree  of  cooling  augmentid  tori  an 
fins,  111 U  piiinud,  standard,  and  diamond  baffle  blade  flow  character'’ 
lanes  are  compared  In  Figure  213-19,  These  photographs  were  taken 
during  flow  esls  of  a  two-dimensional  plaalie  model  of  Hie  Inlf  rnal 
passage  In  Ilia  JT11D-2Q  blade  (five  limes  size),  I  lie  lower  plaulir 
surface  of  the  passage  wau  coaled  with  a  solution  of  oil  and  graphite 
The  riy  then  was  supplied  will)  air  so  dial  tlm  solution  was  washed  by 
tlm  dir  streams.  The  How  paths  and  vortices  are  clearly  observed  In 
llm  phot u graphs. 
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ll  can  be  soon  that  the  flow  through  the  pinned  binder  is  ennent in lly 
straight  with  very  little  chordwist?  mixing,  This  system  provides  no 
rngulation  of  cooling  air  to  the  three  main  areas  of  the  blade,  The 
standard  baffle  arrangement  provides  all  the  desirable  features  Hated 
above,  as  demonstrated  by  the  flow  trnt,  The  liiird  configuration  Hi 
n  ayflinni  of  baffles  in  a  diamond  n rrangemant  with  the  gaps  separating 
their  indfl  sUed  to  force  Inc. roa nod  mixing  beyond  that  obtained  witli 
the  standard  bnffle.  During  the  flow  tent  of  thin  configuration  it  was 
clearly  evident  that  a  great  amount  of  c’  rdwise  mixing  was  achieved. 
The  first  two  configurations  have  been  u-stad  in  heat  transfer  rigs  and 
in  development  engines. 

Because  of  lie  known  charnelrrlstien  of  high  convective  efficiency  and 
reasonable  flow  rule,  the  alnndard  baffle  tiehmnti  was  selecled  an  the 

2000’’  l1”  configuration  for  the  STJ2.27,  Some  of  the  modifications  In  (lie 
ST.T227  design  included; 

Blunting  of  the  leading  and  trailing  edge#  to  obtain  reduced  boat 
flux  and  metal  temperatures  locally, 

Moving  Hie  lower  row  of  baffles  toward  the  outer  tun,  to  tailor  the 
radial  metal  lempernlure  profile  to  parallel  tlial  allowed  by  (lie 
stress  distribution, 

Varying  the  gap  between  the  slanted  baffles  to  provide  heller  chord- 
wise  dlsl ilbullon  of  cooling  air, 

Figure  2B- Id  ahowu  the  metal  temperatures  for  the  first  stage  blade, 


The  cool  I  Jig  schemes  for  Hie  second  stage  blade  are  similar  to  the 
first  For  Hie  initial  dU 00“  F  ro|iiii‘tiiii?nl»  the  cooling  air  will 

noi  lie  used  for  iliese  airfoils,  However,  us  the  turbine  Inlet  lempera- 
lures  me roiBu  cooling  air  or  in-proved  innlerlala  may  be  required, 

d ,  Advanced  Cooling  Techniques 


As  Illustrated  In  Figure  2D- 14,  advanced  cooling  techniques  will  be 
required  to  demons l rale  sufficient  and  efficient  cooling  ul  ihe  turbine 
fie  sign  t  ei  ope  i  at  u  re  of  2300' 1*',  All  throo  basic  cooling  U'chnlquuB 
(converdluii,  fllin  find  I  rauspiralion)  are  being  investigated  to  meet 
these  requirements.  The  following  discussion  will  nerve  io  illustrate 
the  potential  of  one  of  thene  methods,  i,  e,  ,  Increased  convective 
cool  mu  efficiency. 
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More  efficient  convective  cooling  will  x'equire  that  the  cooling  air 
passages  bo  designed  such  that  the  overall  convective  heal  transfer 
coefficient  will  bo  maximum  for  a  given  cooling  airflow  rate  and  pros* 
iiuro  drop, 

The  thermal  efficiency  of  convective  cooling  1b  improved  if  (lie  coolant 
flow  passage  through  the  airfoil  Is  divide  l  inlo  many  small  passages 
having  a  largo  length*to-hydraullc  diameter  ratio.  The  coolant  film 
coefficient  is  of  the  form: 


h  -s,  ■—  (It  >n'(P  )"  , 

e  D  J  J  e 


where  m  and  n  ^ 


For  n  given  flow  rate  and  constant  Iher motly nft n ,  ic  properties  of  the 
coolant,  this  can  be  reduced  to: 


The  hydraulic  diameter  is  given  by; 

n  =  ™ 

DI-1  ~P  1 

,  DH  *  4/p. 

••  ~r 

And  finally, 

hc"  Trip)  m  ■ 

The  coolant  surface  area  is: 

A  -  N  •  P  •  I. 
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Thu  lota!  cooling  rate  per  unit  tempera*,  u  it  cl  ifferenl  ial  i  h  : 


h  •  A  ~  N  •  (P) 

r  «S 


•  m 


■te) 


where : 
h 

c 

K 
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n 

c 

p 

A 

P 

\ 

N 
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film  coefficient 

(■ontltu  l  i  v  il  y 

hytl  l‘A  til  l<:  (I  in metes’ 

Key  Holds  n'.m'ir r 

Pi- si.  wit’  numb  or 

flow  an  a  of  one  pannage 

welled  per  lino, or  of  one  passage 

lot, 'i|  cooling  rtlll’.fili  e  Itrrli 

total  number  of  passages 

lentil)  of  one  passage 


‘I'll In  Indicate  that,  many  small  passagea  of  largo  longlh-to-dinmoior 
ratio  (L/D)  produce  the  greatest  total  cooling  ability,  Therefore,  at 
the  higher  coolant  flow  rate  am!  heat  capacity  It  1b  desirable  to  utilUe 
cooling  schemes  that  Involve  n  large  number  of  (hone  pasoageo,  The 
present  capabll  ty  of  obtaining  i  lie  mu  In  a  cast  or  forged  airfoil  le 
very  limited,  However,  through  the  use  of  advanced  technlquea  a 
highly  sophisticated  cooling  passage  system  can  bra  obtained  ns  shown 
in  Figure  Z  13*20, 
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It  should  be  noted  that  the  increased  L/D  is  required  only  for  higher 
cooling  air  flow  rates.  At  low  flow  rates,  the  heat  capacity  of  the 
cooling  air  would  be  exhausted  before  the  air  could  exit  from  the  blade 
and  would  cause  the  metal  temperatures  near  the  discharge  to  overheat. 
Thus,  for  low  cooling  air  design,  the  L/D  values  for  existing  schemes 
such  as  the  baffle  blade  provide  the  correct  level  of  cooling  for  a 
desirable  metal  temperature  profile, 


An  illustration  of  the  potential  guin  in  cooling  efficiency  of  the  advanced 
blade  cooling  scheme  over  a  more  conventional  blade  cooling  scheme 
may  be  soon  in  the  following  table.  Blade  A  is  a  development  blade 
which  has  been  thoroughly  tested  at  gas  temperatures  over  Z000a  F. 


A  comparison  of  calculated  and  measured  metal  temperatures  for  this 
blade  at  a  gas  temperature  of  1900°F  and  0,  52%  cooling  air  is  also 
shown  in  the  table.  The  calculated  blade  total  gas  temperature  of 
2100’F  corresponds  to  approximately  2200" F  turbine  inlet  temperature 
(including  burner  profile)  for  the  STJ227.  Blade  B  Is  designed  to  pass 
approximately  2.  3%  cooling  air  at  the  same  available  pressure  drop  as 
for  Blade  A.  To  do  tills,  the  thermal  efficiency  of  the  cooling  scheme 
must  be  sacrificed  ho  that  only  a  moderate  amount  of  additional  cooling 
1*  obtained,  The  advanced  design,  Blade  C,  utilises  a  highly  efficient 
cooling  passage  design  so  that  the  increased  amoun*  of  coolant  capacity 
is  used  to  full  advantage.  It  Is  seen  that  the  calculated  metal  temp¬ 
erature  Is  significantly  decreased  below  that  of  Blade  B,  In  fact,  this 
level  of  cooling  Is  thermally  competitive  with  film  cooling,  but  without 
the  inherent  necessity  of  aerodynamic  lasses  caused  by  the  angular 
discharge  of  air  Into  the  main  stream. 
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In  the  particular  design  of  Biudr  C  (Figure  2D-20),  the  air  was  die-  ,§ 

charged  out  the  trailing  edge  in  a  direction  parallel  to  the  main  stream. 
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AVERAGE  METAL  TEMPERATURE  COMPARISON 
(Convectively  Cooled  Blades) 

Average  Midspan 


Blade 

Cooling  Aii- 
ps  i  %# 

Cooling  Air 
(°P) 

Cas 

T  emperatur  e 

Temperature 
Calculated  Measured 

A 

8 

0.  5? 

1100 

1900 

1710  1725 

A 

20 

0.  90 

1100 

2100 

1800 

B 

20 

2.  3 

1100 

2100 

1704 

C 

20 

2.  3 

1100 

2100 

1498 

*  Percent  of  turbine  main  stream  air 

Film  and  transpiration  cooling,  and  the  use  of  advanced  construction 
for  highly  officiant  convective  cooling  at  the  higher  coolant  flow  rates, 
offer  the  potential  to  significantly  improve  the  cooling  effectiveness  of 
turbina  airfoils.  The  timely  development  of  these  techniques,  as  well 
os  the  development  of  improved  materials  and  coatings,  will  provide 
the  moans  of  extending  the  life  of  the  turbine  beyond  3000  hours  for 
turbine  inlet  temperatures  of  2300“  F. 

a,  Aerodynamic  Design 

The  turbine  is  designed  to  provide  an  equivalent  efficiency  of  86%  and 
is  also  limited  to  exit  axial  Mach  numbers  of  0,  5  or  less  at  the  cruise 
flight  condition.  The  Mach  number  limitation  is  established  to  provide 
good  afterburner  performance.  Six  turbinos  wore  studied  to  satisfy 
three  cruise  airflow  schedules  at  two  turbine  inlet  temperature  levels, 
In  addition,  preliminary  turbines  were  rough-designed  tor  the  two 
compressor  configurations  which  were  evaluated. 

(1)  Non-Proa- Vortex  Dotii-n 

Testing  at  Pratt  &  Whitnoy  Aircraft  has  indicated  that  there  is  a  poten¬ 
tial  efficiency  gain  and  weight  reduction  associated  with  a  non-free- 
vorlex  turbine  design.  Figure  213-21  fhows  the  expected  results.  Be¬ 
cause  testing  is  incomplete,  two  turbines  are  being  designed.  One  is  a 
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free-vortex,  high  velocity  ratio  design  and  the  other  a  non-free-vortex, 
low  velocity  ratio  design  at  the  same  efficiency.  The  turbine  described 
in  this  section  is  the  high  velocity  ratio,  free-vortex  design. 

f.  Turbine  Cooling  Losses 

The  effects  of  cooling  air  on  turbine  efficiency  were  also  investigated 
during  Phase  II- B,  In  addition  to  the  thermodynamic  effects  on  the 
overall  engine  cycle  performance,  there  are  some  aerodynamic  effects 
on  the  turbine  performance.  These  effects  are  stated  below: 

•  Cooling  air  injected  into  the  turbine  gas  stream  requires  some 
portion  of  the  main  stream  energy  to  accelerate  the  cooling  air- 
to -main  gas  stream  velocity  levels.  Turbine  tests  have  been  run 
indicating  desirable  methods  of  introducing  this  cooling  air  into 
the  gas  path  with  a  minimum  loss, 

•  Compromises  in  the  airfoil  design  (mainly  leading  and  trailing 
edge  thicknesses)  required  to  effectively  cool  and  protect  the  air¬ 
foils  from  low  cycle  fatigue,  creep  and  erosion  add  some  losses 
to  the  turbine. 

•Pumping  losses  in  the  blades  also  add  to  the  turbine  work  require¬ 
ments. 

These  losses  were  estimated  to  result  in  a  total  high  turbine  efficiency 
loss  of  approximately  1.  5%.  Even  with  these  losses,  the  required 
turbine  efficiency  of  86%  is  maintained. 

4.  AFTERBURNER 


Mission  requirements  of  the  STJ227  afterburner  system  include  stable 
efficient  augmentation  at  sea  level,  transonic,  and  cruise  .flight  con¬ 
ditions.  To  satisfy  these  afterburner  design  goals,  the  engine 
configuration  consists  of  a  low  pressure  loss  system  capable  of  deliver¬ 
ing  high  combustion  efficiency  over  a  wide  range  of  fuel  air  ratio. 

Pratt  &  Whitney  Aircraft  experience  with  the  JT11D-20  afterburner 
demonstrates  the  capability  of  afterburner  development  meeting  these 
design  goals. 

The  afterburner  system  includes  a  low  pressure  loss  gas  flowpath  with 
a  V-gutter  flameholder  system  staggered  aft  and  toward  the  engine 
centerline,  Air  leaving  the  turbine  is  axially  oriented  by  turbine  exit 
guide  vanes  and  diffused  to  a  velocity  consistent  with  high  performance 
combustion.  The  system  cold  flow  pressure  loss  estimates  are  shown 
on  Figure  2E-22, 
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Utilization  of  the  staggered  flameholder  configuration  reduces  gas 
stream  blockage,  resulting  in  both  low  pressure  loss  and  low  flame- 
holder  lip  velocity.  The  additional  important  result  is  favorable  com¬ 
bustion  characteristics.  Development  experience  gained  on  the 
JT11D-20  has  demonstrated  the  proper  combination  of  flameholder 
geometry  and  low  velocity  necessary  to  give  good  stable  flameholding 
without  screech,  maintain  wide  blowout  limits,  aid  ignition,  and 
support  high  combustion  efficiency.  Figure  2B-23  depicts  combustion 
efficiency  predictions  for  the  STJ227  fuel  air  ratio  range. 


Fuel  system  requirements  of  a  15:1  turndown  ratio  dictate  a  dual¬ 
sprayring  configuration.  To  meet  these  requirements  a  close  coupled 
and  a  premix  fuel  system  are  joined.  The  primary  zone  incorporates 
sprayrings  and  flameholders  in  an  integral  assembly  (close  coupled). 
The  premix  system  adds  fuel  between  the  flameholders,  promoting  a 
high  degree  of  fuel  coverage.  The  combination  of  these  two  systems 
enhances  flame  propagation  by  providing  required  flameholder  turo- 
lence  and  mixing  with  good  fuel  ocverage. 


Configuration  studies  of  the  low  and  high  temperature  engines  indicate 
that  cooling  system  changes  are  required  to  achieve  design  life  as 
combustion  duct  cooling  requirements  differ  between  the  low  and  high 
temperature  engines.  Th;.  low  temperature  engine  utilizes  turbine 
discharge  air  to  main.-in  satisfactory  combustion  duct  and  nozzle  flap 
temperatures.  The  high  temperature  engine,  however,  requires 
dilution  of  turbine  discharge  air  with  compressor  air  to  maintain  the 
same  satisfactory  temperature  levels. 


Significant  engine  changes  occur  in  the  required  combustion  length  and 
fuel  distribution.  The  high  afterburner  inlet  gas  temperature  increases 
fuel  vaporization  rates,  resulting  in  a  6  inch  decrease  of  required 
combustion  length.  In  addition,  the  fuel  turndown  ratio  decreases  to 
12:1  resulting  in  new  zoning  requirements  of  the  sprayrings  and  control. 


Cruise  point  flow  schedule  shifts  result  in  afterburner  diameter  changes 
to  maintain  satisfactory  maximum  combustion  duct  velocities.  The 
following  tabulations  summarize  the  pertinent  design  parameters  for 
a  number  of  low  and  high  temperature  engine  configurations  studied. 
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SST  LOW  TEMPERATURE  AFTERBURNER 
AEROD  NAMIC  DESIGN  FEATURES 


Flow 

Schedul 

es 

Low 

Base 

High. 

Turbine  Exit  Mach  No.  (Cruise) 

0.45 

0.  5 

0.  5 

Diffuser  Area  Ratio 

1.41 

1.  50 

1.  50 

Difuiser  Equivalent  Conical  Angle 

(degrees)  6.  7 

8.  7 

9.  5 

A/B  Duct  Diameter  (in.) 

59.  7 

62.  0 

65.  3 

A/B  Duct  Ref  Mach  No.  (Cruise)  0.23  0.25  0.25 


SST  HIGH  TEMPERATURE  AFTERBURNER 
AERODYNAMIC  DESIGN  FEATURES 

Flow  Schedules 


Low 

Base 

High 

Turbine  Exit  Mach  No.  (Cruise) 

0.42 

0.  47 

0. 47 

Diffuser  Area  Ratio 

1.41 

1.5 

1.  5 

Diffuser  Equivalent  Conical  Angle  (degrees)  7 

8.7 

9.  4 

A/R  Duel:  Diameter  (in.) 

57.  6 

CQ  A 

~/0  »  i 

Ln  -7 

v  v  i  <u 

A/B  Duct  Ref  Mach  No,  (Cruise) 

0.  220 

0.  238 

0.  238 

x 
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5.  EJECTOR-REVERSER 


a.  Introduction 


The  STJ227  exhaust  nozzle  system  has  been  designed  to  meet  the  follow¬ 
ing  exhaust  system  performance  expressed  in  terms  of  thrust  minus 
drag  coefficient  (Cpp)  at  typical  power  settings  for  given  flight  conditions. 


Cpp  (With  2%  Secondary  Airflow) 

Low  Temperature 

High  Temperatu 

High  Airflow 

Low  Airflow 

Mach  No. 

Flight  Condition 

Engine 

Engine 

2.7 

Cruise 

0.999 

0.999 

1.2 

Acceleration 

0.  964 

0.975 

0.9 

Cruise  to  Alternate 

0.  920 

0.930 

0 

SLTO 

0.  980 

0.980 

C 


FP 


(Gross  Thrust  of  Primary  Flow  and  Any  Secondary  and 
Tertiary  Air)  -  (External  Wave  Drag  and  Ram  Drag  of 

Tertiary  Air  and  all  Internal  Losses) _ _ 

Ideal  Gross  Thrust  of  Primary  Flow 


A  systematic  program  has  been  followed  through  Phase  II  to  select  and 
design  an  operationally  flexible,  efficient  exhaust  nozzle  system.  The 
exhaust  nozzle  has  been  shown  to  be  a  sensitive  component  in  the 
effectiveness  of  the  propulsion  unit  and,  therefore,  must  exhibit  high 
performance  with  a  minimum  compromise  in  weight  and  mechanical 
complexity.  In  Phase  I,  all  available  exhaust  systems  were  appraised 
in  relation  to  the  supersonic  transport  application.  The  field  of  exhaust 
systems  has  been  reduced  to  the  blow-in  door  ejector,  based  on  con¬ 
siderations  of  internal  and  external  performance,  weight,  mechanical 
complexity,  and  compatibility  with  the  airframe  of  the  Supersonic 
Transport. 


Since  the  conception  of  the  blow-in  door  ejector  as  an  exhaust  system, 
Pratt  it  Whitney  Aircraft  has  accumulated  thousands  of  hours  of  wind 
tunnel  testing  with  afterburning  turbojet  and  mixed  flow  turbofan  ejector 
exhaust  models.  Included  in  this  testing  were  comprehensive  ejector 
model  test  programs  for  the  TF30  and  JT11D-20  engines.  Much  of  what 
was  learned  in  the  development  of  the  design  of  the  STF219,  TF30,  and 
JT11D-20  ejector  systems  has  been  applied  to  the  STJ227  turbojet  blow- 
in  door  ctor-reverser  design. 
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b.  Nozzle  Description 


The  blow -in  door  ejector  is  a  variable  geometry,  self-actuated  nozzle 
that  aerodynamical ly  adjusts  to  the  correct  expansion  ratio  as  engine 
pressure  ratio  and  flight  Mach  number  vary.  The  blow-in  door  ejector 
and  its  operation  are  described  in  Pratt  &  Whitney  Aircraft's  Phase  1 
Proposal  for  the  Commercial  Supersonic  Transport  Engine,  Volume 
E  - X I ,  Ej ec  t or  - R ev e  z  s e r . 

c.  Performance  Definitions 

The  parameter  nt  •.  j  to  present  the  exhaust  noz~le  performance  is  the 
gross  thrust  minus  h  ag  coefficient,  Cpp.  This  coefficient  is  defined 
as  the  sum  of  the  gross  thrusts  from  the  primary  stream  and  the 
secondary  and  tertiary  streams,  minus  the  sum  of  the  external  pressure 
or  wave  drag,  the  internal  drag,  and  the  ram  drag  of  any  tertiary  air, 
all  divided  by  the  ideal  gross  thrust  of  the  primary  stream.  The  re¬ 
verse  thrust  coefficient  is  defined  as  above  except  that  the  thrust  and 
drag  are  of  the  same  sign. 


d.  y  ally  Augmented  Turbojet  Exhaust  System 
(1)  Nozzle  Sizing 

Optimal  .  ejector  diameters  for  a  525  lb/sec  engine  airflow  were  estab¬ 
lished  bazed  on  aerodynamic  and  weight  considerations.  Nacelle  sizing 
was  accomplished  by  taking  into  account  the  necessary  performance- 
weight  trades.  Complete  gas  expansion  was  assumed  at  cruise  condi- 
ti  >na,  and  the  resultant  diameter  was  reduced  to  give  optimum  nozzle 
performance.  The  optimized  ejector  diameters  arc  as  follows: 


Low  Turbine  Temperature  High  Turbine  Temperature 

Airflow  Engine  Ejector  Diameter  (in.)  Engine  Ejector  Diameter  (in. ) 


Low 

72 

Base 

75 

High 

78 

70 

75 

78 
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Nacelle  d-ameters  obtained  by  aerodynamic -weight  sizing  are  given  n 
all  cases  except  for  the  low  turbine  temperature,  low  airflow  engine 
where  the  minimum  nacelle  diameter  was  considered  to  be  larger.  I.. 
this  case,  a  minimum  nacelle  diameter  of  72  inches  is  required  to  main¬ 
tain  the  minimum  engine-nacelle  clearance.  Accessory  and  control 
packaging  around  the  engine  may  require  that  the  low  airflow  engines 
have  slightly  larger  nacelle  diameters  than  shown  in  the  table  above. 
However,  preliminary  airframe  studies  indicate  that  the  ejector  di¬ 
ameter  may  be  sized  to  provide  optimum  area-ruling  for  the  overall 
airframe -nacelle. 


(2)  Performance 

An  ejector- reverser  system  for  t.ct  fully  augmented  STJ227  engine  is 
shown  in  the  engine  cross  section  (Figure  2B-24).  Since  the  major 
design  effort  lias  been  directed  toward  the  STF219  turbofan  engine  and 
nozzle  system  no  specific  test  data  have  been  obtained  for  the  STJ227 
full  afterburning  turbojet  ejector  configuration.  However,  many  other 
afterburning  turbojet  type  ejector  nozzles  have  been  tested.  Perform¬ 
ance  for  a  nozzle  closely  simulating  the  STJ227  requirements  is  pre¬ 
sented  to  demonstrate  that  with  development  effort  the  required 
performance  levels  can  be  attained. 

(a)  Typical  Afterburning  Turbojet  Ejector 


Figure  2B-25  is  a  schematic  of  a  typical  full  afterburning  turbojet 
ejector.  Performance  obtained  from  this  model  for  the  critical  flight 
regions  is  presented  in  Figures  2B-26  and  2B-27,  and  is  compared 
with  the  STJ227  nozzle  performance  goals.  The  design  point  for  this 
ejector,  was  somewhat  different  than  the  STJ227,  however,  it  still 
shows  good  performance  at  all  critical  flight  conditions.  Optimization 
of  the  ejector  contours  for  application  to  the  STJ227  would  yield  the 
desired  performance  levels. 
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(b)  Exhaust  Nozzles  for  a  Partially  Augmented  Turbojet 

Another  exhaust  nozzle  system,  wind  tunnel-tested  for  a  partially  aug¬ 
mented  version  of  the  STJ227,  was  reported  in  the  Phase  II-A  final 
report,  Volume  II,  The  results  of  this  test  program  also  substantiate 
the  performance  levels  that  can  be  obtained. 

(2)  Design  Criteria 

(a)  Primary  Nozzle 

The  location  and  type  of  the  primary  nozzle  used  in  conjunction  with  an 
ejector  nozzle  can  affect  exhaust  system  performance. 

The  mechanically  actuated  iris  or  flap  type  convergent  nozzles  are 
normally  used.  A  major  function  of  the  primary  nozzle  is  to  control 
the  effective  jet  area  which  in  turn  controls  engine  operation. 

A  parameter  associated  with  the  primary  nozzle  that  affects  ejector  per¬ 
formance  is  the  spacing  ratio.  This  is  the  ratio  of  the  distance  between 
the  primary  nozzle  exit  plane  and  the  ejector  exit  plane,  and  the  diameter 
of  the  primary  jet  area.  Figures  2B-28  and  2B-29  show  that  spacing 
ratio  can  have  a  significant  effect  on  ejector  performance.  These  figures 
also  indicate  that  the  optimum  spacing  ratio  may  not  be  the  same  for  all 
operating  conditions. 

All  primary  nozzle  effects  must  be  considered  in  the  choice  of  type 
and  placement  of  the  best  system  for  a  given  application. 

(b)  Secondary  Flow 

Secondary  airflow  {excess  inlet  air  or  boundary  layer  bleed  air)  nor¬ 
mally  originates  in  the  engine  inlet.  In  many  installations  it  flows 
between  the  engine  and  the  nacelle  to  purge  the  engine  compartment, 
cool  the  engine,  and  reduce  the  pressure  differential  across  the  engine 
case.  When  the  flow  reaches  the  ejector  it  cools  the  ejector,  cushions 


PAQE  NO.  2B-22 


i  *•  a  —rawnan 


CONFIDENTIAL 


PHATT  A  WHirNtVAIRCHAFT 


CONFIDENTIAL. 


PWA-2600 


the  expansion  of  the  primary  stream,  and  helps  eliminate  over-expansion 
of  the  primary  stream  by  opposing  premature  attachment  to  the  ejector 
walls  and  partially  filling  the  exit  area.  A  minimum  corrected 
secondary  flow  of  2  percent  is  required  for  cooling. 

(c)  Blow-in  Doors 

Tertiary  airflow  is  the  key  to  the  blow-in  door  ejector  feasibility  as  a 
large  pressure  ratio  range  exhaust  system.  The  tertiary  flow  prevents 
the  overexpansion  that  occurs  during  low  pressure  ratio  operation  of 
a  fixed  convergent-divergent  nozzle. 


Figure  2B-30  shows  the  effect  of  reducing  tertiary  airflow  from  the 
base  configuration.  In  these  tests  the  tertiary  air  was  reduced  by  pro¬ 
viding  additional  circumferential  blockage  in  the  tertiary  air  passage. 

The  Cpp  between  approximately  1.  0  and  the  peak  of  the  base  curve  in 
Figure  2B-30  is  a  result  of  pressure  drag,  tertiary  induction  drag, 
shocks  in  the  ejector,  angular  loss  of  the  ejector,  and  internal  friction. 
Since  there  is  a  trade-off  between  the  effect  of  tertiary  air  on  internal 
performance  and  its  induction  drag,  it  is  important  that  the  blow-in 
doors  are  properly  sized  and  shaped.  When  the  doors  are  open,  the 
flow  contour  (blow-in  door  boattail)  should  be  as  gentle  as  possible  so 
that  the  tertiary  flow  undergoes  a  small  momentum  change.  Angles  of 
approximately  7°  on  the  forward  portion  of  the  door  and  15°  on  the  rear 
portion  work  effectively  in  the  transonic  region,  and  the  closed  doors 
produce  no  drag  at  cruise  conditions. 

(d)  Ejector  Shroud 

The  internal  contour  of  the  ejector  shroud  has  a  definite  effect  on  ejector 
performance.  For  good  blow-in  door  open  performance,  the  front 
(convergent)  portion  of  the  shroud  must  be  at  a  small  angle  to  ensure 
that  the  tertiary  air  does  not  suffer  much  of  an  axial  momentum  loss. 

The  "throat"  portion  of  the  shroud  must  be  large  enough  to  allow  the 
tertiary  air  to  flow  into  the  divergent  section  without  restriction.  For 
blow-in  door  closed  operation,  the  "throat"  section  must  be  small 
enough  to  prevent  performance  distortion  resulting  from  rapid  over- 
expansion  of  the  primary  stream.  Optimum  nozzle  performance  levels 
will  be  achieved  by  the  proper  placement  of  the  "throat"  or  minimum 
shroud  section  relative  to  the  primary  nozzle. 

(e)  Trailing  Edge  Flaps 

The  important  design  criteria  concerning  the  trailing  edge  flaps 
are  internal  flow  contour,  external  flow  contour,  weight,  complexity, 
and  sealing.  The  optimum  flap  configuration  is  a  compromise  between 
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these  aerodynamic  and  mechanical  design  requirements.  Consideration 
of  damping  and  synchronisation  schemes  ensures  stable,  efficient 
aerodynamic  operation  al  ail  flight  conditions, 

(f)  Reversal- 

The  important  parameters  considered  i t>  the  reverner  design  worn 
reverse  flow  area,  rever »e  discharge  angle,  spacing  of  reverser 
doors  from  the  primary  non?,)e,  and  bleed  flow  (spoiled  or  unspoiled 
flow  not  reversed),  Design  of  the  fully  augmented  ST, I//57  reverser 
was  based  on  the  coannular  reverser  model  data,  as  presented  in  the 
Phase  II-A  final  report,  Volume  JI,  These  data  indicate  that  a  antis- 
factory  reverser  can  be  Incorporated  into  (lie  elector  design  to  obtain 
the  required  reverse  thrust  levels  with  no  appreciable  engine  oiippree. 
Blon, 


I 
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III.  MECHANICAL  TURBOJET  STUDIES 
1.  VARIABLE  INLET  GUIDE  VANES  AND  CASE 
a.  Description 

The  inlet  case  of  the  STJ227  has  28  vanes  with  movable  trailing  edge 
flaps.  The  fixed  portion  of  the  vanes  provides  support  for  the  number 
1  bearing  compartment  and  stiffness  for  the  engine  mount.  The  mov¬ 
able  flaps,  comprising  3.4  inches  of  the  7.  3-inch  total  chord  at  the 
O.  D.  ,  are  used  to  minimize  the  incidence  variation  of  the  air  entering 
the  first  stage  rotor  blades.  This  provides  more  efficient  compressor 
performance  over  the  required  operating  range.  The  airfoil  contours 
of  the  proper  air  direction  into  the  first  rotor  (Figure  2B-31).  The 
vanes  contain  provisions  for  anti-icing  by  the  use  of  compressor  bleed 
air. 


b.  Construction,  Loading,  and  Actuation 

The  inlet  case  weldment,  consisting  of  inner  and  outer  rings  with  integral 
vane  feet,  two-piece  structural  leading  edge,  mount  ring  and  mount  pads, 
and  inner  stiffening  ring,  is  made  of  A- 110  titanium.  A  general  case 
construction  is  presented  in  Figure  2B-32.  Welding  the  leading  edges 
to  machined  integral  feet  on  the  inner  and  outer  cases  results  in  a  mini¬ 
mum  of  welding  and,  hence,  a  minimum  of  weld  distortion.  The  middle 
case  flanges,  which  are  necessary  for  containing  structural  vane  loads, 
are  enclosed  and  enlarged  to  form  the  integral  front  mount  ring.  Forged 
mount  pads  are  welded  into  cutouts  in  the  ring  at  the  proper  circum¬ 
ferential  locations.  (Refer  to  Section  III- 14,  Engine  Mounts.) 


All  leading  edges  are  hollow  to  minimize  weight  and  to  provide  a  com¬ 
pressor  discharge  air  passage  through  the  vanes  for  anti-icing.  This 
scheme  is  shown  in  Figure  2B-33.  Six  of  the  vanes  are  used  for  oil 
supply  and  scavenge,  breather,  and  seal  pressurizing  lines  to  the 
number  1  bearing  compartment.  These  tubes  have  brazed  bosses  at 
the  inner  and  outer  ends  and  are  a  replaceable  part  of  the  inlet  case 
weldment,  as  in  the  JT11D-20.  Assembly  is  accomplished  by  inserting 
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the  tube  inward  until  sufficient  clearance  with  the  inner  ring  flanges 
allows  an  induction  coil  braze  of  the  inner  or  number  1  bearing  boss  to 
the  tube.  Similarly,  the  tube  is  then  moved  outward  sufficiently  by 
passing  the  already  brazed  bearing  boss  through  a  matching  lightening 
hole.  The  outer  boss,  consisting  of  a  combined  mounting  bracket  and 
tube  fitting  for  external  plumbing,  is  then  induction  brazed.  For 
storage  or  transportation,  the  outer  bracket  is  bolted  to  the  case. 

However,  for  ease  of  assembly  and  proper  seal  alighment  when  as¬ 
sembling  the  inlet  case  and  number  1  bearing  housing,  the  outer  boss 
is  loosened  while  bolting  the  inner  boss  to  the  bearing  housing  and  then 
tightened  again  for  vibration  damping  and  attachemtn  of  external 
plumbing. 

The  movable  feature  consists  of  titanium  trailing  edge  flaps  supported 
at  the  inner  and  outer  ends  by  a  steel  pin-bolt  extending  the  length  of 
the  flap.  The  pin  is  fixed  relative  to  the  rotating  flap  in  such  a  manner 
that  all  motion  occurs  between  steel-backed  carbon  bushings  located  at 
the  inner  and  outer  ends  of  the  pin.  The  outer  end  of  the  flap  is  splined 
and  bolted  with  the  pin-bolt  to  a  steel  linkage  arm  that  extends  into  a 
titanium  synchronizing  ring.  The  inside  diameter  of  the  synchronizing 
ring  forms  a  track  that  serves  two  purposes:  it  allows  the  ring  to  be 
mounted  on  a  series  of  steel-backed  carbon  bushings  so  that  the  ring 
rotates  with  no  axial  translation  during  actuation;  and  it  serves  as  a 
groove  for  a  steel  slab-headed  pin  for  attaching  the  link  arms  to  the 
synchronizing  ring. 


The  choice  between  rotation  with  translation  and  rotation  without  trans¬ 
lation  was  based  on  a  number  of  actuation  schemes.  With  an  expected 
flap  rotation  of  30°  to  40®  and  a  radius  (linkage  arm  length  -  synchroniz¬ 
ing  ring  to  flap  rotation  centerline)  of  approximately  2.  5  inches,  the 
fore  and  aft  ring  translation  would  be  approximately  one-eighth  of  an 
inch.  A  direct  tangential  attachment  of  actuators  to  the  synchronizing 
ring  would  then  result  in  flexing  of  the  actuator  high  pressure  hydraulic 
lines.  This  is  not  considered  practical  or  safe.  A  fixed  actuator  with 
ring  translation  would  require  a  complicated  and  highly  wear -susceptible 
bellcrank  arrangement  with  the  total  actuator  load  in  one  sliding  joint. 
Without  ring  translation,  actuators  may  be  attached  directly  to  the 
synchronizing  ring.  This  allows  all  sliding  motion  to  be  taken  between 
the  synchronizing  ring  pin  and  the  vane  flap  linkage  arm.  The  sliding 
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joint  load  is  then  the  actuator  load  divided  by  the  number  of  vanes 
driven.  The  joint  stress  iB  reduced  and,  hence,  thestendency  to  wear. 
The  Joint,  a  a  proven  by  JT11D-20  testing,  is  simply  a  hardened  steel, 
slab-headed  pin  through  a  slot  in  the  steel  li  nit  age  arm.  The  slab-head 
in  the  synchronizing  ring  track  prevents  rotation  of  the  pin  against  the 
titanium  synchronizing  ring.  Should  excessive  wear  ever  occur  at  this 
joint,  only  the  easily  replaced  linkage  arrn  or  slab-headed  pin  need  be 
replaced  because  no  sliding  motion  occurs  between  other  parts. 

Tho  estimated  maximum  possible  air  loads  at  various  portions  of  the 
system,  obtained  by  ratioing  JT11D-20  loads  directly  as  the  maximum 
airflow  and  inversely  as  the  number  of  vanes,  are  listed  below: 


Axial  Air  Load  per  Vane  (lb) 

Tangential  Air  Load  per  Vane  (lb) 

Center  of  Pressure  to  Center  of 
Rotation,  a-:;uinrd  as  1/2  of  flap 
chord  (In.  ) 

Torque  Due  lo  Air  Load  (in,  lb) 

Total  Shear  Load  on  Pin-Bolt  (lb) 

Link  Arm  Length,  center  of  rotation 
to  center  of  synchronizing  ring 
pin  (in, ) 

Synchronizing  Ring  Pin  to  Link  Arm 
Slot  Load  (lb) 

Total  Actuate.  Load  Required  (lb) 

(Hit  vanes  STJ  227,  20  vanes 
J  T  I  1  D-20  due  to  air  load) 


S TJ  227  J  T11P- 20 

41.5  35,5 

94  77 

1.7  1.245 

161.5  101.9 

103  84.75 

2,50  1.33 

64.6  76.5 
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With  the  small  diameter  pin-bolt,  the  torque  or  load  required  because 
of  friction  between  the  pin-bolt  and  its  bushings  will  conservatively  be 
less  than  10%  of  the  airload. 


Using  actuators  of  the  size  used  on  the  JT11D-20  (piston  diameter  = 

1  inch)  and  the  pressure  available  on  the  STJ227  (1500  psi),  individual 
actuator  load  available  is  1180  pounds.  Therefore,  two  actuators  of 
an  existing  design  would  be  sufficient  to  drive  the  system.  A  micro¬ 
switch  may  be  mounted  on  the  case  and  actuated  by  a  plate  on  the 
synchronizing  ring  to  provide  a  cockpit  indicator  of  vane  position. 


Thermal  expansion  differences  occur  during  transients  even  though 
the  case  and  ring  are  of  the  same  material  due  to  a  difference  in  heat 
transfer  coefficients,  The  inlet  case  walls  and  vanes  are  subject  to  a 
high  mass  and  velocity  of  air,  and  heat  or  cool  very  rapidly,  whereas  the 
synchronizing  ring  is  subject  to  a  small  mass  and  velocity  of  bypass 
air,  and  its  temperature  lags  the  inlet  case  by  a  considerably  amount. 
The  synchronizing  ring  support  bushings  are  mounted  to  the  inlet  case 
by  brackets  designed  to  act  as  springs  to  relieve  thermal  transients 
between  the  synchronizing  ring  and  the  case  and  such  that  the  ring  re¬ 
mains  concentric  with  the  case,  thus  minimizing  the  variable  flap 
position  tolerance. 


c.  Anti-icing 

The  inlet  guide  vanes  require  anti-icing  whenever  the  compressor  in¬ 
let  static  temperature  drops  below  40 °F  to  prevent  a  degradation  in 
engine  performance  due  to  ice  formation.  Several  methods  of  de-icing 
(periodic  ice  removal)  and  anti-icing  (continuous  ice  removal)  are 
available,  such  a6  mechanical  de-icers,  chemical  and  coating  anti¬ 
icing,  and  thermal  de-icing  and  anti-ici 
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The  thermal  anti-icing  method  lends  itself  to  the  STJ227  engine.  This 
system  involves  flowing  compressor  bleed  air  through  the  fixed  section 
of  the  inlet  guide  vane  and  film  heating  the  variable  section  with  air 
from  the  fixed  section  (Figure  2B-33).  The  flaps  remain  axial  during 
the  flight  envelope  where  anti-icing  is  required,  except  during  periods 
of  loitering  (i,  e.  ,  awaiting  landing  clearance)  when  the  engine  is  throt¬ 
tled  back.  The  flow  requirements  will  be  approximately  1  percent  of 
engine  airflow  based  onJT3-D  engine  anti-icing  experience  and  analyti¬ 
cal  calculations  on  the  JT11D-20  anti-icing  system. 

The  anti-icing  system  flow  is  controlled  by  two  valves  located  in  the 
supply  lines  from  the  bleed  point.  One  is  an  on-off  valve  connected  to 
a  manually  operated  switch  in  the  cockpit.  The  other  is  a  throttling 
valve  varying  automatically  as  a  function  of  compressor  discharge 
temperature. 


It  may  be  possible  to  use  a  lower  bleed  pressure  than  compressor  dis¬ 
charge  as  provided  for  by  diffuser  case  bosses.  A  study  must  be  made 
of  any  possible  advantages  in  weight  or  performance  using  various 
compressor  bleed  points. 


2.  COMPRESSOR 
a.  General  Description 


(1)  Compressor  Cases 


The  compressor  outer  wall  is  formed  by  stacking  and  bolting  short 
case  and  stator  assemblies  together  as  shown  in  Figure  2B-34.  The 
first,  second,  and  third  stage  case  and  stator  assemblies  are  made  of 
titanium;  the  other  six  stages  are  made  of  Waspaloy  (AMS  5706  and  AMS 
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5544).  Each  case  and  stator  assembly  provides  for  an  abradable  shroud 
over  the  blade  tips  which  allows  a  reduced  blade  tip  clearance  to  be  used, 
and  a  box  structure  to  which  the  outer  ends  of  the  forged  stator  s  are 
brazed.  The  inner  ends  of  the  vanes  have  integral  tabs  that  are  riveted 
to  a  diaphragm.  This  diaphragm  supports  the  interstage  seal  ring  by 
rivets  and  spacers  in  radial  slots  to  accommodate  differential  thermal 
growth.  Both  the  diaphragm  and  seal  ring  are  made  of  Hastelloy  X 
(..MS  5754  and  AMS  5536),  Similar  proven  construction  has  been  used 
in  the  JT1  ID-20  engine. 

The  compressor  exit  guide  vanes  are  made  of  contour  rolled  strip  stock 
inserted  into  pre-punched  slots  in  the  outer  shroud  ring,  twisted,  and 
inserted  into  pre-punched  slots  in  the  inner  ring.  The  inner  shroud 
ring  is  bolted  to  the  adjoining  diffuser  case  flanges;  and  the  outer  shroud 
ring  is  supported  by  the  diffuser  case  outer  wall,  with  provisions  for 
thermal  expansion  and  fabrication  tolerances. 

During  engine  starting,  air  is  bled  from  the  compressor  at  a  location 
just  aft  of  the  fourth  stage  stator  and  discharged  overboard  through  hy¬ 
draulically  actuated  valves.  Air  is  bled  continuously  from  the  plenum 
chamber  just  inside  the  bleed  doors  to  pressurize  the  bearing  compart¬ 
ment  seals, 

(2)  Compressor  Rotor 

The  Compressor  rotor  consists  of  nine  stages  with  the  first,  second, 
and  third  stage  disks  and  blades  fabricated  of  titanium.  These  assemblies 
are  suppo:  ted  by  an  Incoloy  901  (PWA  1003)  front  hub  at  the  second  stage 
disk,  as  the  first  stage  disk  is  overhung.  These  disks  are  joined  and 
positioned  axially  by  cylindrical  Incoloy  901  spacers  that  have  integral 
knife-edge  sealB  for  interstage  sealing,  and  are  held  together  by  a  set 
o!  liebolts.  For  thermal  compatibility  between  the  front  hub  and  the 
number  1  bearing  compartment,  Incoloy  901  material  was  chosen  for 
the  front  hub.  The  upacers  are  made  of  Incoloy  901  rather  than  titanium 
to  reduce  bolt  load  relaxation  due  to  differential  thermal  expansion.  A 
conical  Incoloy  901  spacer  with  an  integral  knife-edge  seal  separates 
the-  third  and  fourth  stage  disks.  The  fourth  through  ninth  stage  disks 
and  blades  are  made  of  Waspaloy  (PWA1007),  and  are  joined  and  posi¬ 
tioned  axially  by  cylindrical  or  conical  Waspaloy  spacers  having  inte¬ 
gral  knife-edge  seals.  Disks  and  spacers  are  held  together  by  sets  of 
tiebolts.  The  fourth  stage  disk  is  solid  to  prevent  circulation  of  the 
eighth  stage  air  around  the  second  and  third  stage  titanium  disks.  The 
fourth  through  eighth  stage  disks  have  rim  cover  plates  that  are  used 
to  duct  eighth  stage  air  outward  along  the  rim.  This  reduces  the  disk 
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temperature  gradient  during  ascent  and  descent  transient  flight  condi¬ 
tions  and  obtains  long  low-cycle  fatigue  disk  life.  Disk  thermal  gradient 
is  reduced  further  by  using  blades  with  short  extended  necks  to  isolate 
the  disk  rim  from  the  primary  flowpath.  The  ninth  stage  disk  has 
conventional  extended  root  blades  with  mechanical  damping  provisions 
as  shown  in  Figure  2B-35. 

A  cone,  positioned  between  the  eighth  and  ninth  stage  disks,  provides 
additional  stiffness  and  support  for  the  rotor.  An  additional  set  of  tie- 
bolts  connects  the  inner  flange  of  this  cone,  the  rear  hub,  and  the  eighth 
and  ninth  stage  disks.  An  auxiliary  disk  is  overhung  rearward  from 
the  outer  tiebolts  of  the  ninth  stage  disk,  and  is  used  to  support  a  thrust 
balance  control  knife- edge  seal.  This  disk  provides  close  control  of 
ninth  stage  seal  clear ance* 

Each  disk  and  blade  assembly,  spacer,  and  the  front  and  rear  hub  are 
statically  balanced.  The  rotor  assembly  is  then  dynamically  balanced 
as  a  unit  by  adding  weights  to  flanges  provided  on  the  first  stage  disk 
and  the  rear  hub. 

Throughout  the  rotor  structure  generous  fillet  radii,  careful  blending 
of  intersecting  surfaces,  and  che  use  of  rounded  or  chamfered  corners 
are  provided  to  minimize  stress  concentration  effects. 

The  thrust  loading  on  the  rotor  is  transmitted  to  the  number  2  bearing 
from  the  rotor  spacers  through  the  cone  between  the  eighth  and  ninth 
stage  disks,  and  through  the  conical  rear  hub.  Radial  loads  are  trans¬ 
mitted  to  the  number  2  bearing  through  the  rear  hub  and  to  the  number  1 
bearing  through  the  front  hub. 

The  coid  static  radial  clearances  of  all  knife-edge  seals  in  the  com¬ 
pressor  are  minimized.  These  clearances  are  adequate  to  provide  for 
maximum  tolerance  buildup  and  for  maximum  radial  differential  thermal 
and  elastic  growth  during  high  performance  steady-state  operation. 

Light  non-destructive  rubbing  may  occur  during  transient  tnermals  and 
overspeed  operation. 

Blade  tip  radial  clearances  are  established  to  provide  for  maximum 
toleiance  buildup,  maximum  radial  and  axial  differential  thermal 
growths  during  transient  operation,  and  radial  elastic  blade  and  disk 
growths  at  normal  high  temperature  operating  speeds. 

Axial  gaps  between  the  forward  side  of  all  rotating  parts  and  adjacent 
stationary  parts  provide  for  the  maximum  total  tolerance  accumulation, 
the  maximum  axial  differential  thermal  growth  during  transient  opera- 
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lion,  the  maximum  thrust  bearing  end  play,  anti  the  maxi  mum  forward 
blade  lip  deflection  re  nulling  from  surge  K<IS  hinds.  The  forward  stngew 
of  (he  compressor  are  spaced  to  allow  lor  the  abnormal  deflections  re¬ 
sulting  from  foreign  object  Ingestion. 

The?  axial  gaps  ant)  the  neal  land  lengths  between  the  rear  of  the  rotating 
parts  and  the  adjacent  M'allonary  parts  provide  for  the  maximum  toler¬ 
ance  accumulation,  the-  maximum  axial  differential  thermal  growth 
during  transient  operation,  the  rearward  deflection  of  the  rear  hub,  the 
maximum  disk  ritn  deflection  resulting  from  surge  gas  load*,  the  maxi¬ 
mum  forward  vane  deflection  resulting  from  steady-male  gas  loado,  and 
the  maximum  forward  seal  support  diaphragm  deflection  resulting  from 
steady-state  static  pressure  loads. 

h.  Stress  Summary 

The  compressor  parts  wore  sized  so  that  tha  resulting  otrosoofl  would 
be  consistent  with  tho  minimum  properties  of  tha  bast  available  proven 
mate  rials  - 

Tha  higheat  ratio  of  actual  otrofls  to  allowable  stress  occurs  In  the 
blade  dovetails  at  maximum  Mach  number  cruise.  Typical  dovetail  at¬ 
tachment  stresses  are  liatiad  below. 


DOVETAIL  ATTACHMENT  STRESSES 
(Fifth -Stage) 


Yield  Design 


Blade  Root  Disk  Luc 


Material 

PWA  i007 

FWA  1007  |  f 

Speed  (rpm) 

5376  ®  M 

Temperature  (°F) 

975  I 

Controlling  Operating  Condition 

Max,  Mach  No.  Cruise  H  2 

0.2%  Yield  Strength  (pal) 

110,000  a  m 

Neck  Tensile  Stress  (psi) 

18,000 

21,850  A 

Neck  Tensile  Strees/O.  2%  Yield  Strength 

0.  16 

0.20  §  § 

Tooth  Bending  Stress  (psi) 

19,850 

49,500  8  H 

Tooth  Bending  Stress/ 0.2%  Yield  Strength 

0.  18 

0.45  J 

Tooth  Bearing  Stress  (psi) 

90,400 

90,400  j$  j 

Tooth  Bearing  Stress/0.2%  Yield  Strength 

0„  82 

0.82  i  J 

Tooth  Shear  Stress  (psi) 

15,800 

m 

Tooth  Shear  Strese/0.2%  Yield  Strength 

0.  14 

1  8 

Combined  Stress  (psi) 

37,850 

71,350  «  § 

Combined  Stress/0.2%  Yield  Strength 

0.  34 

0. 65  a 

n  1 
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The  rotor  disks  were  designed  for  standard  comimwclnl  burs)  and  y  1  o  |  <  | 
Ida  r  f#  I  »>  n ,  c  reap  g  i  owlh,  .md  low  t*  ye  1 1*  fatigiin  llln.  Typical  s  t  i  »  a  a  data 
a  i  n  Allow  II  boiow, 

TYPICAL  UIHK  f-'/Mi Kfl.'S  DATA 


(!'  i  fi  It  "Si  n  gc  ) 


Bur  Hi  a  ud  Yield  Baolgn 

"**  *~n—  mi  m  Jti  —  m  JBLk Mi 


Speed  (rprn) 

Average  lompontlti re  ("F) 

Ultimate  tensile  strength  (pNi) 

0,  Z%  Yield  slrungth  (pul) 

Average  Inngomlol  Hireia  (pal) 

Yield  margin 

Minimum  tnllowable  yutld  margin 
Burnt  Margin 

Minimum  allowable  burnt  margin 
Maximum  wob  radial  sU-ubm  (pet) 
Allowable  Btraoe  (%) 

Maximum  boll  circle  radial  mIiosa,  pul 
Allowable  stress  (%) 

Controlling  operating  condition 

Creep  Design 

Speed  (rptu) 

Average  temperature  (°F) 

Average  tangential  strand  (pal) 

1,  1  x  6000  hour  0.  1%  creep  strength  (pel) 
Allowable  stress  (%) 

Controlling  operating  condition 


')  4  7  6 
1  I  (IS 
i6o, non 
1  OH, 000 
711,  000 
1 .  12 
1.05 
1.376 
1.20 
62,000 
99 

52,000 

66 

Max  Mach  No,  Cruise 


6376 

1103 

75,000 

91,000 

0.  a 

Max  Mach  No.  Crulne 


Low  Cycle  Fatigue  Design 

Spoed  (rpm)  5088 

Temperature  bore  (°F)  1125 

Temperature  rtm  (°F)  965 

Minimum  boro  low  cycle  fatigue  life  (cycloo)2G,  000 
Minimum  bolt  circle  low  cycle  fatigue 
life  (cycloa)  100,0001 

Minimum  rim  low  cycle  fatlguo  life  (cycles)  0700 

Minimum  allowable  low  cycle  fatigue 
life  (cycles)  0000 

Controlling  operating  Condition  Descent 
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The  first  throe  stages  of  eyitiprmaiir  blndnn  utilize  p;i  rl -rip, in  ahi'Oiids 
for  f  rocpjoncy  control,  vibration  damping,  and  ruaistanca  to  foreign 
object  Ingestion, 

The  shroud  angles  on  nil  throe  nlngaa  am  gruntur  than  lltu  Irlcllou  angle 
ti  prevent  shroud  locking  and  permit  sliding  friction  dumping.  '1  hu 
ah  loud  location  has  liean  selected  based  on  JTI1D-20  experience,  Pri¬ 
mary  blndod  disk  resonance  modes  liava  bean  eliminator!  from  the  opo rat¬ 
ing  rangy  of  tbo  angina  by  disk  rim  dcaign  and  proper  spacer  plncmrinut. 
fJinded  rl  I  *>  k  modes  for  the  first  and  third  stages  are  plotted  in  Figures 
ZB-  36  and  213-  37, 


The  ninth-stage  compressor  blades  utilize  an  extended  root  dumping 
nystfon  to  minimize  blade  stresses  caused  by  excitation  from  the  dif¬ 
fuser  case  struts.  Energy  la  dlaalpnted  by  a  set  of  toggle  weights  boat  ¬ 
ing  on  iho  blade  platforms  under  tile  action  of  centrifugal  force.  The 
sliding  friction  contact  caused  by  the  blade  motion  relative  to  the  toggle 
weight  produces  the  damping  action.  A  similar  configuration  Is  used 
on  the  JT11D-Z0  turbine  blades  soon  in  Figure  2B-35, 

Rotor  (iebotts  are  designed  to  prevent  loss  of  boll  preload  and  flange 
separation  under  Ilia  combination  of  highest  aerodynamic  loads,  maneuver 
loads,  and  the  loss  of  10  percent  of  a  single  stage  airfoils, 

The  maximum  combined  stress  (direct  tensile  and  centrifugal  bonding) 
duos  not  exceed  the  0,2  parcent  yield  strength  at  steady -stage  conditions. 
The  maximum  direct  tensile  stress  at  Assembly  will  not  exceed  70  per¬ 
cent  of  llut  0.2  percent  yield  strength.  The  tlobolts  are  designed  to 
transmit  tile  maximum  turejue  loads  imposed  without  exceeding  57  per- 
cent  of  the  0,2  percent  yield  strength.  Hydraulic  bolt  stretchers  similar 
to  those  currently  used  on  commercial  Pratt  St  Whitney  Aircraft  engines 

Will  bu  II  nod, 

The  compressor  vanes  deflect  axially  by  gas  loading  and  by  thy  differen¬ 
tial  static  pleasure  across  the  seal  diaphragms.  The  resultant  load 
produces  a  bending  moment  on  the  vane.  The  deflection  and  stresses 
are  calculated  by  assuming  that  the  vanes  are  variable-inertia  twisted 
beams  which  deflect  as  a  guided  cantilever.  Suitable  vane  chord  lengths 
and  thickness  ratio  limits  were  selected  using  extensive  experience  in 
vane  analysis  plus  testing  and  development  of  gas  turbine  vanes, 

c .  Critical  Speed 

The  stiff  bearing  critical  speed  of  the  rotor  is  designed  at  it)  percent  a- 
bove  the  maximum  deteriorated  rotor  speed.  This  margin  assures  that, 
tlie  final  rotor  design  will  have  adequate  stiffness  when  coupled  to  the 
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engine  easts  through  tha  hearings  mul  their  support  ni  ructu  i-««.  Flgt.  "ng 
213- if>  and  P.B-Sd  illustrate  the  complete  rotor  stiff  bearing  mode  shapes 
of  (lira  STJiili  and  ,T  T  I  !  I)  *20.  The  support  ft  I  rurtu  rr>  of  tho  Numhur  3 
bearing  is  rolnlivuly  f’loxlbiu  oorop.n  rod  lo  ilia  Numhur  1  imrl  i  bearing 
supports.  Thin  relatively  stiff  rotor  ,vid  bearing  inounl  structure  iirrunmi* 
mont  ensures  lliul  no  critic, il  rtttor  bending  riifitlm  occur  In  1 1 » *<  nor  mu  I 
operating  range  of  lbs  engine,  The  effucl  ot  lha  «oft  Number  1  hearing 
is  to  depress  the  flral  rotor  bonding  mm|g  of  engine  vibration  below  tho 
normal  origins  operating  ran  go,  whllu  maintaining  second  bonding  of  the 
rotor  above  the  opornHog  range, 

(I ,  A o  r o Uy n a ml_c  B »  aka 

Thu  ninth-stage  stator  la  used  for  aerodynamic  braking.  By  rotating  ihe 
stature  i<j  block  u  portion  of  Ihe  airflow,  tho  angina  windmill ing  speed 
can  hi?  Ilmllod  to  an  acceptable  rpm  After  an  inflight  shutdown, 


Tho  aiiaftfl  of  the  Waspaloy  vanes  turn  on  Waspaloy -backed  carbon  bush¬ 
ings  that  ora  pressed  into  tho  outer  case  and  asflomblad  Ir,  tho  Inner 
shroud  with  the  vanes.  With  tho  Inner  shroud  and  tho  ninth -ntago  vane 
and  ease  attached  directly  to  the  diffuser  case  flanges,  and  Ilia  shroud 
and  the  case  approximately  tha  some  temperature,  tho  loose  fit  between 
tha  shaft  and  the  hearings  will  bo  sufficient  lo  absorb  small  misalign¬ 
ment  a  . 

A  lever  arm  is  splinod  lo  the  vnnci  shaft  at  one  end  and  pinned  lo  a  unison 
ring  at  thu  other,  The  pins  arc  coated  to  reduce  wear  and  am  locked  In 
place  with  u  lockwashor.  This  design  is  ossontltiUy  tho  same  an  tho 
JT11D-20  two-position  inlet  guide  vans, 

Because  the  design  selection  criteria  is  deflection,  the  unison  ring  ie 
made  of  inconel  (AMS  5665),  The  ring  is  rotated  by  two  tangentially 
pneumatic  actuators  powerod  by  an  nirfnitm,  supply  system. 

The  actuators  are  fitted  with  spring -operated  plungor  locks  to  hold  tho 
vanes  in  their  normal  position.  When  it  is  necessary  to  rotate  the  vanes, 
gas  pressure  releases  the  plunger  lock  and  permits  gas  to  enter  tho 
piston  chamber,  actuating  tho  vanes.  Capability  for  inflight  rotation 
back  to  the  normal  position  will  bo  provided, 


r*Ai»e  no  213-  3  5 


ur.ttk, •'  *  •», 

f,l'  »  •#-»■»<>  -I  >U*l 


COMflDKNTIAL 


fc. 

%  ^ 


I 


CONFIDENTIAL 

^DATf  4  VVHlffjf*  V  AihLhAn 


PWA-2600 


n  Low  Cycle  Fatigue 
(  I)  JTIID-20  Expurionee 

Pratt  &  'Vhllnny  Aircraft  has  gained  considerable  experience  during  l bn 
development  of  (he  ,tTllD-?,b  on  compressor  dink  temperature  gradients 
resulting  fi'f>m  rapid  changes  In  compressor  inlet  condltiona  During 
the  development  of  the  STJ227  engine,  Boveral  techniques  have  been 
utilized  to  doeroaiie  the  temperature  gradients  within  the  disks,  One 
■vn-hnlfiuo  uses  solid  diska  (no  horn  hole)  io  divide  the  bore  into  coin- 
pnrlr.ianlt  Air  Is  bled  from  the  highest  stage  pressure  in  that  com¬ 
partment  Into  •?  oove  and  exhausted  at  the  lowest  stage  pressure,  This 
toehnujib  mnih?  l*«ts  ins  bore  air  temperature  anti,  hence,  reducen  the 
temperature  grndjAtiif  In  (he  disks.  The  socord  technique  heats  the  rim 
of  Lho  disk  by  bleeding  001*0  air  over  the  disk  and  through  the  spacer 
Tho  bore  air  koepa  the  rim  at  a  higher  temperature  resulting  In  a  lower 
disk  temperature  giodiont.  A  natural  extension  of  the  rim  healing  system 
was  the  addition  of  covorplatus  to  prevent  seal  air  and  rim  heating  air 
mixing,  This  results  in  a  maje  effective  heating  of  the  rim.  Figure 
2B-40  shows  tho  typical  descent  dink  lomparature  characteristics  of 
tho  JT11D-20.  The  first  of  the  three  illustrations  shows  in  solid  lines 
tho  temperature  characteristics  of  the  bore,  rim,  and  compressor  inlet 
during  JT11D-20  descant, 

Ah  tho  compressor  inlet  temperature  (T^g)  decreases,  the  rim  temperature 
IngH  slightly  but  follow*  tho  general  slope  of  T^*  Largo  maximum  bore- 
to- rim  temperature  gradients  result  bocause  the  boro  does  not  follow 
tho  compv'suaor  Inlet  slope.  This  Is  caused  by  the  lie. it  capacity  of  the 
disks  and  tho  poorer  heat  transfer  conditions  nl  lho  bore  rn'.iflvo  to  rim 
conditions  whore  air  scrubbing  velocities  a.  *  high,  The  second  illustra¬ 
tion  shows  tho  temperature  characteristic*  bore- to- rim  at  Ibe 

point  of  maximum  bore-to-rim  tempera  lure  7c  rer.ee .  Tim  solid  line 
show b  the  characteristic  temporature  gradient  for  tho  JTIID-ZO,  The 
Bolid  line  in  tho  third  illustration  shows  lho  effect  on  the  maximum  boro- 
to- rim  temperature  difference  of  tho  descent  ralo  A  low  descent  rale 
will  result  in  lower  maximum  bore-to-rim  tompurnlur  u  gradients. 

Because  the  descent  normally  starts  after  a  long  steady- stale  flight, 
the  initial  conditions  of  descent  are  well  defined,  The  initial  conditions 
of  the  ascent  are  not  well  defined  and  hnvo  n  Klrong  effect  on  tho  transient 
disk  temperatures. 
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Tlirs  /i h ceil i  dink  I eniporalur o  characturinties  oi  Lhe  JT‘llD-20  arc  shown 
in  Figure  213-41.  Ah  in  the  descent,  the  rim  follows  lhe  rnmprcHsor 
inlet  temperature  with  a  h  light  lag.  The  Wore  lags  the  coinprpH  nor  inlet 
temperature,  hut  not  in  the  degree  of  the  descent.  The  solid  line  in  the 
second  Illustration  shows  a  typical  .IT  I  ID- 20  radial  lernpomturo  distribu¬ 
tion  In  the  dink  at  Lite  maximum  bore- to- rim  temperature  difference. 
During  .intent,  the  rim  temperature  in  higher  than  the  bore,  which  in  lhe 
opposite  of  the  descent.  The  solid  line  in  the  third  illustration  shown  lhe 
effect  of  ascent  rate  on  the  disk  maximum  temperature  difference  for  the 
JTI1D-20. 


(2)  STJ227  Low  Cycle  f  atigue 

Experience  gained  from  the  JT11D-20  has  been  applied  to  tlic  STJ227 
comprefleor  design  during  PlmbJ  II-13  High  Mach  number  engine  tenting, 
spin  pit  testing,  and  tntonalvn  analytical  studies  indicate  that  descent 
transient  thermal  gradients  are  the  controlling  factor  in  low  cycle  fatigue 
life.  Figure  2B-42  illustrates  tho  effect  of  thermal  gradients  on  low 
cycle  fatigue  life.  It  can  be  seen  from  those  curves  that  stress  in  the 
rim  cycles  ranges  between  0  and  110,000  pal,  This  gives  a  steady  stress 
of  55,  000  pni  with  a  cyclic  stress  of  :k  55,  000  pBi.  Referring  to  Pratt  &/ 
Whitney  Aircraft  low  cycle  fatigue  da'a,  it  is  determined  that  thin  particular 
disk  location  will  withstand  1000  cycles  to  failure.  The  method  of  arriving 
at  the  above  stress  calculations  involves  the  use  of  an  IBM  disk  plastic 
analysis  program  that  can  run  the  entire  engine  flight  spectrum  and  cal¬ 
culate  the  stabilized  stress  and  permanent  growth  distributions. 

Initial  temperature  estimates  indicate  that  descent  transient  gradients 
on  the  order  of  250oA.T  bore- to- rim  exist  in  the  disits  as  first  designed, 
Using  current  Pratt  &  Whitney  Aircraft  low  cycle  fatigue  design  curves, 
it  was  determined  that  these  disks  were  LCF  limited  at  1000  cycles, 

Tills  was  far  short  of  the  8000  cycles  desired.  The  firs';  approach  at 
increasing  the  LCF  life  was  to  reduce  the  disk  average  tangential  stress 
levels.  Figure  2B-43  indicates  tho  amount  of  weight  addition  necessary 
to  achieve  the  8000  cycles.  Obviously  a  weight  penalty  of  a  factor  of  two 
was  too  severe.  Analytical  studies  determined  that  a  ^T  of  130®  could 
be  tolerated  without  a  weight  penalty  and  still  achieve  the  required  LCF 
cycles  as  seen  in  Figure  ZB-44,  A  combination  of  two  methods  was 
proposed  to  achieve  this  130°  ,/NT  gradient. 

The  first  method  used  blades  with  short;  extended  necks.  This  allowed 
the  disk  rim  to  be  moved  inward  from  the  flowpath.  The  second  method 
provided  cover  plates  on  both  sides  of  the  disk  rims  to  duct  airflow  to 
rim  sections.  It  was  determined  that  with  a  combined  approach  the  130° 

At  gradient  could  be  achieved,  and  the  8000  LCF  cycle  requirement 
could  be  met. 
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The  dashed  linen  in  Figures  20-40  and  2B-41  show  the  temperature 
characteristics  for  n  disk  with  rim  heating  with  cover  plains.  The  rim 
temperntnrnH  will  he  higher  at  steady- state,  hut  the  maximum  temper  a  turn 
gradient  allows  the  design  of  a  long-life  compressor  clink. 

To  further  Improve  Lhe  rim  I.C]'  problem  three  material  laboratory 
touting  programs  are  being  conducted  to  dncrcano  (link  rim  stress 
concentration  factors.  The  first  method  is  a  pholuelaolb;  analysis  to 
determine  the  effect  of  olliptical  radii  on  stress  concentration-  The 
second  lent  is  an  electrical  analog  study  of  disk  slot  width-to-disk  neck 
width,  in  combination  with  circular  and  elliptical  radii,  for  the  resultant 
ofiecl  on  strains  concentration.  Tito  third  test  consists  of  shot- pocning 
low  cycle  fatigue  specimens  with  stress  concentrations  (Kq-)  of  2  and  i 
to  determine  the  magnitude  of  fatigue  life  Improvement.  Figures  20-4  3 
and  20-44  reflect  the  Inc  run  so  in  LCF  life  when  the  Straus  concentration 
factor  is  reduced  from  K«y  of  3  to  K'j-  of  ?..  5,  Ph  tloolasttc  teatu  of  n 
Rimllar  dovetail  attachment  on  a  JT11D-20  compressor  disk  indicate  a 
K,j.  range  from  2.  2  to  ?.,  6. 

Dolt  holes  and  disk  bores  are  eeiTousiy  affected  by  thermal  gradients. 

It  has  boon  determined  analytically  that  the  S1J22?  disk  boll  Imlon  can 
meet  the  8000  cycle  requirement  with  the  addition  of  approximately  10 
percent  of  the  disk  weight  at  the  bolt  circle  location.  Pratt  &  Whitney 
Aircraft  experience  also  indicates  that  while  rim  stress  concentration 
factors  arc  in  the  K.j.“3  range,  bolt  holes  more  closely  approach  Kj-2. 

All  gradients  previously  discussed  involve  the  doscont  condition  In  which 
the  disk  rim  Is  colder  then  the  disk  boro.  The  opposite  case  in  which 
the  rim  in  hotter  than  the  boro  results  from  ascont  conditions  and  increase n 
bora  stresses.  STJ227  studies  Indicate  that  bore  stresses  during  ascent 
conditions  do  not  limit  LCF  life. 

Cover  plates  are  conical  rather  than  fiat  no  that  their  stress  os  aim 
relatively  unaffected  by  radial  thermal  gradients. 

The  descent  gradients  are  in  excess  of  130°  in  the  first,  second, 
and  third  stage  titanium  disks.  It  is  possible  for  a  titanium  alloy  to 
absorb  a  thermal  gradient  approximately  three  times  greater  than  can 
bc.<  absorbed  by  a  nickel  base  alloy  bocauso  of  a  lower  coefficient  of  ex¬ 
pansion  and  a  lower  modulus  of  elasticity. 
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3,  DIFFUSER 
n.  General  Description 

The  diffuser  section  of  the  STJ227  turbojet  engine  consists  of  a  double 
wall  diffusing  saetion  bolted  to  the  eighth  stage  compreaBor  shroud 
assembly  at  the  forward  end  and  to  the  inner  and  outer  combustion  ducts 
at  tlio  aft  end.  Tho  diffusin'  case  has  integral  supports  for  the  annular 
burner,  fuel  nozzles,  and  spark  igniters;  flanged  openings  for  clean  bleed 
air;  provisions  for  two  lower  shafts  for  starting  and  accessory  drive; 
and  bosses  for  routing  lubricating  oil  and  seal  air  lines  through  the 
struts , 


The  aerodynamic  design  and  function  of  the  diffuser  flowpath  are  des¬ 
cribed  in  Section  111*4  Combustion  Chamber, 

Tho  diffuser  section  acts  an  a  structural  component  supporting  the 
number  2  and  3  bearings  and  their  associated  bearing  compartment 
neats . 


h,  Physical  Structure 


The  dlffusor  case  assembly  is  a  weldment  fabricated  from  Inconel  718 
nickel  alloy  (PWA-  1009  and  PWA-  1033).  This  materia!  selection  is 
baaed  on  fabrication  experience  with  JT11D-20  diffuser  cases,  which 
are  similar  restrained  weldments.  Experience  has  shown  that  initial 
fabrication  ia  relatively  straightforward,  and  that  weld  modifications 
are  possible  in  the  heat-treated  condition,  These  characteristics  are 
not  attainable  to  the  same  degree  in  other  high  strength,  high  tem¬ 
perature  alloys. 

The  diffuser  inner  and  outer  walls  are  fabricated  from  machined  forged 
rings  with  sheet  metal  inserts  and  joined  by  eight  equally  spaced  struts. 
The  inner  and  outer  walls  are  stiffened  by  two  rings  on  each  wall.  One 
ring  is  located  at  tho  leading  odge  of  the  struts,  and  the  othex’  is  neai 
the  trailing  odge  of  the  struts.  This  four-ring  stiffening  structure  is 
similar  to  that  used  successfully  on  the  JT11D-20  diffuser  case. 


The  strulfl  are  fabricated  using  a  machined  airfoil  standup  butt-welded 
into  the  outer  case  with  machined  leading  edge,  machined  trailing  edge 
pieces,  and  two  H-ohapcd  ih  tiffener  fl .  The  strut  wall  between  the  IT- 
shaped  otiffeners  is  sheet  metal  panels.  The  forward  H-shaped  stiffenei 
is  butt- welded  to  the  leading  edge  forming  a  cavity  to  direct  the  bleed 
flow  to  the  annular  manifold.  The  rear  stiffener  connects  the  two  rear 
stiffening  rings  and  carries  the  bearing  toads  to  the  outer  case. 
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The  machined  airfoil  standup  was  used  to  obtain  a  better  flow  of  stresses 
from  the  strut  to  the  outer  case  and  to  eliminate  the  need  for  fillet  welds. 

The  inner  case  stiffening  rings,  Figure  2B-45,  are  integral  supports 
for  the  Number  2  and  3  bearings  and  carry  the  bearing  loads,  rotor 
unbalance  loads,  and  thrust  and  vibratory  loads.  The  structure  formed 
by  the  stiffening  rings  and  struts  distributes  these  loads  at  the  stress 
concentration  points  at  each  end  of  the  struts  where  they  join  the  case. 

An  annular  collector  manifold  is  provided  around  the  inside  of  the  inner 
case  wall.  It  carries  compressor  discharge  air  bleed  from  slots  in  the 
leading  edge  of  each  strut  to  the  bleed  discharge  struts  used  for  cabin 
pressurization,  anti-icing,  and  afterburner  fuel  turbopump  air.  The 
manifold  also  pressurizes  the  other  struts  to  avoid  collapsing  loads  on 
the  strut  sides,  and  removes  the  external  pressure  load  on  the  sheet 
metal  panels  between  the  struts  and  stiffening  rings. 

Two  of  the  struts  house  accessory  drive  towershafts.  One  shaft  drives 
an  airframe  accessory  drive  gearbox  and  starter  drive,  and  the  other 
drives  the  engine  accessory  gearbox.  These  shafts  are  powered  by 
bevel  gear  pinions  that  mesh  with  a  bevel  gear  on  the  engine  shaft. 

The  three  bleed  discharge  struts  have  flanged  openings  on  the  outer 
case  wall.  The  flanges  are  butt-welded  to  standups  integral  with  the 
machined  airfoil  standups  for  the  struts,  as  shown  in  Figure  2B-45. 

The  remaining  struts  route  lines  to  the  inside  of  the  engine  for  lubricat¬ 
ing,  scavenge  return,  seal  pressurizing  air,  seal  vent  to  ambient,  and 
vent  lines  for  thrust  balance.  The  lines  pass  through  sleeves  in  the 
struts  to  avoid  contamination  of  the  clean  air.  The  sleesves  are  butt- 
welded  to  the  annular  manifold  at  the  inner  end  and  welded  to  integral 
machined  bosses  at  the  outer  end.  The  lines  are  brazed  into  flanged 
fittings  at  the  outer  end  and  bolted  to  the  integral  bosses  in  the  case 
(Figure  2B-45).  Each  strut  capable  of  accommodating  three  tubes,  one 
of  which  may  be  a  1 .  750  inch  diameter  tube  with  heat  shielding  on  2.  000 
inch  diameter  without  heat  shielding. 

Bosses  for  the  32  fuel  nozzles  are  fabricated  from  machined  standups 
with  welded  flanges.  The  standups  are  machined  in  eight  segments  of 
four  standups  each.  The  segments  butt-weld  directly  to  the  machined 
airfoil  section  and  the  rear  stiffening  ring.  The  machined  airfoil  section 
extends  to  the  rear  surface  of  the  nozzle  segment.  This  allows  the  rear 
case  outer  flange  to  be  joined  by  a  circumferential  machine  butt-weld. 
This  method  of  construction  avoids  the  possibility  of  distortion  caused 
by  closely  spacing  many  circular  welds. 
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Alternative  methods  of  construction  are  being  investigated  for  various 
parts  of  the  diffuser  case  to  facilitate  fabrication  and  repair.  One  area 
under  study  is  a  method  of  attaching  the  annular  collector  manifold  inner 
wall  using  only  butt-welding  (Figure  2B-45). 

The  trailing  edges  of  the  struts  have  been  cut  away  to  accept  the  attach¬ 
ing  brackets  of  the  annular  burner  liner.  One  pin  is  used  at  each  strut 
to  hold  the  burner  liner  in  place.  V-groove  blocks  at  the  inner  brackets 
on  three  struts  serve  as  orientation  guides  and  assist  in  alignment  to 
engage  the  support  pins. 

Spark  igniters  for  the  burner  are  installed  90°  apart  in  two  bosses  on  the 
centerline  of  (and  aft  of)  two  of  the  fuel  nozzles.  The  spark  igniters  are 
installed  using  a  two-bolt  flange  in  the  boss. 

c .  Temperatures  and  Stress  Levels 

The  diffuser  case  temperature  will  be  approximately  compressor  dis¬ 
charge  temperature  (1100°F  max),  as  a  result  of  the  high  internal  heat 
transfer  coefficients. 

The  outer  case  is  designed  for  internal  pressure  and  is  yield  limited. 
Stress  levels  will  not  exceed  the  0.  2  percent  yield  strength  for  any 
pressure  and  temperature  combination.  The  inner  case  aft  of  the  rear 
stiffener  is  subjected  to  an  external  pressure  and  is  elastic  buckling 
limited.  The  actual  buckling  stresses  in  this  area  will  not  exceed  50 
percent  of  the  critical  buckling  stresses  for  any  pressure  differential 
and  temperature  combination  in  the  operating  conditions. 


4.  PRIMARY  COMBUSTION  CHAMBER 


a.  General  Description 


The  primary  combustion  section  includes  the  compressor  discharge 
air  diffuser,  the  inner  and  outer  combustion  chamber  cases,  the  annu¬ 
lar  combustion  chamber  liners,  the  transition  duct  into  the  turbine, 
the  fuel  supply  system,  the  ignition  system,  the  fuel  nozzle  system, 
and  various  seals.  Figure  2B-6  presents  a  schematic  drawing  of  the 
combustion  section. 

The  main  burner  in  the  STJ227  is  an  advanced-design,  annular  ram 
induction  burner.  This  is  a  new  concept  in  burner  design,  differing 
from  the  more  conventional  louvered  burners  in  several  important 
aspects.  Airflow  through  holes  in  a  conventional  burner  is  induced  by 
the  static  pressure  differential  between  the  inside  and  outside  of  the 
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can  wall.  This  requires  diffusion  of  compressor  discharge  air  to  a 
relatively  high  static  pressure  with  its  associated  pressure  loss  in  the 
diffusion  process.  In  the  ram  induction  burner  the  momentum  of  the 
compressed  air  is  used  to  force  air  through  turning  scoops  into  the 
combustion  chamber.  This  provides  excellent  mixing  of  the  fuel 
vapors,  burning  gases,  and  dilution  air  due  to  the  turbulence  generated 
by  the  impinging  air  streams.  The  use  of  total  pressure,  instead  of 
static  pressure,  to  feed  the  burner  requires  less  diffusion  of  the  com¬ 
pressor  discharge  air.  This  results  in  a  lower  diffuser  pressure  loss 
and  provides  a  higher  velocity  air  for  metal  surface  cooling.  Because 
'  the  inherent  excellent  mixing  char acter istics  in  the  ram  induction 
concept,  the  burner  is  less  sensitive  to  pressure  variations  over  the 
outside  surfaces  of  the  liners.  The  forwa.  d  section  of  the  ram  induc¬ 
tion  annular  burner  forms  a  portion  of  the  diffuser  section,  resulting 
in  a  shorter,  lightweight  design. 

The  high  velocity  diffuser  discharge  air  is  forced  into  the  combustion 
chamber  through  a  series  of  scoops  that  inject  the  air  in  a  direction 
perpendicular  to  the  centerline  of  the  burner.  The  scoop  area  is 
divided  into  the  primary  scoops  and  secondary  scoop  sections.  Fuel 
is  injected  directly  into  the  front  of  the  chamber,  where  it  mixes  with 
air  injected  through  awirlers  concentric  with  the  fuel  nozzles.  The 
primary  scoops  1  "mg  the  mixture  to  the  stoichiometric  ratio,  and  the 
secondary  scoof  ring  about  good  mixing  and  temperature  dilution. 

The  scoops  are  placed  opposite  each  other  on  the  inner  and  outer  com¬ 
bustion  chamber  walls  such  that  the  incoming  airstreams  impinge  on 
each  other  approximately  at  the  centerline  of  the  burner.  The  resulting 
turbulence  provides  excellent  mixing  and  prevents  the  formation  of  hot 
streaks  and  rich  or  lean  areas.  This  ensures  more  even  temperature 
profiles  at  the  turbine  inlet. 

Since  the  static  pl  easure  differential  across  the  combustion  chamber 
liner  is  less  tor  a  ram  induction  burner  than  for  a  conventional 
louverod  design,  the  structural  requirements  for  the  former  are 
correspondingly  reduced.  Furthermore,  the  "thrust"  generated  by 
the  scoops  produces  a  load  opposite  to  the  pressure  loading  which  re¬ 
duces  the  structural  requirements  still  further,  Good  cooling  by  the 
high,  velocity  airflow  over  the  liner,  supplemented  by  film  cooling  on 
the  surfaces  exposed  to  tne  hoi  gases,  gives  low  metal  temperatures . 
This  will  permit  higher  design  stresses  to  be  used  and  will  extend  the 
life  ,jf  the  parts  because  ol  less  oxidat'on,  corrosion,  and  fatigue. 


•'age.  u  ,  2B-42 

CONFIDENTIAL 


i 

I 

1 

I 

I 

I 

I 

1 

1 

l 


| 


i 


V 


PP ATT  A  WHITNEY  AIRCRAFT 


CONFIDENTIAL 


PWA-2600 


I 


The  transition  duct  section  of  the  combustion  chamber  consists  of 
convectively  cooled  inner  and  outer  converging  ducts  which  accelerate 
the  combustion  gases  into  the  turbine  inlet.  The  static  pressure  drop 
produced  by  accelerating  the  gases  into  the  turbine  inlet  induces  cooling 
airflow  from  outside  the  combustion  liner  through  the  annulus  formed 
by  the  double  walls  of  the  transition  ducts  and  into  the  turbine.  This 
will  provide  film  cooling  at  the  inlet  guide  vane  root  and  tip.  The  air 
for  this  cooling  is  drawn  off  from  the  space  between  the  combustion 
chamber  case  walls  and  the  combustion  chamber  liners.  Because  of 
the  smaller  airflow  requirements  for  convective  cooling  relative  to 
film  cooling,  more  of  the  available  air  can  be  used  for  the  high  degree 
of  mixing  necessary  to  reduce  the  gas  temperature  variation  across 
the  turbine  inlet. 

b .  Corriressor  Air  Diffuser 

The  diffuser  was  analyzed  on  a  streamline  basis  to  determine  the 
effect  of  various  irregularities  on  diffuser  performance.  The  effect 
of  wall  curvature,  various  inlet  profiles,  mechanical  tolerances  or 
mechanical  protuberances,  thermal  displacements,  leakage  and  re¬ 
circulation  into  the  diffuser,  and  wake  effects  from  the  struts  were 
all  studied  to  determine  factors  causing  local  flow  separation  or 
instability.  It  is  essential  for  good  turbine  inlet  temperature  profile 
that  the  diffuser  deliver  stable  unseparated  flow  to  the  ram  air  scoops 
at  all  flight  conditions.  As  a  result  of  this  study  several  important 
improvements  in  the  diffuser  flowpath  became  evident. 

Recent  combustion  rig  testing  has  shown  that  burner  internal  flow  areas 
can  be  smaller  in  the  combustion  zone  than  in  the  mixing  zone.  Reduc¬ 
tion  of  inlet  size  reduces  the  amount  of  divergence  required  from  the 
diffuser  inlet  to  the  inlet  of  the  ram  air  scoops.  This  minimizes  wall 
curvature  effects  and  provides  a  diffuser  which  is  more  conservative 
and  less  sensitive  to  disturbances  that  cau  ow  separation. 

The  design  incorporates  two  central  diffusers  in  the  nose  of  the  fairing 
and  two  outside  main  diffusers  with  reduced  airflow.  All  diffuser  pas¬ 
sages  were  analyzed  on  a  streamline  basis  to  ensure  reasonable  levels 
of  wall  loading.  The  equivalent  conical  angle  and  equivalent  diffusion 
area  ratio  were  computed  for  each  passage  and  are  within  the  limits 
required  for  flow  stability.  Enough  air  is  taken  through  the  central 
diffusers  to  feed  the  air  swirlers  at  the  fuel  nozzles,  provide  dome 
cooling,  and  feed  the  primary  scoops.  The  outside  diffusei'3  flow  the 
remainder  of  the  air  which  is  sufficient  to  supply  the  secondary  scoops, 
main  burner  film  cooling  a  transition  duct  convective  cooling  air, 


No.  ZB-43 


! 

! 


1 


1 

i 

a 

1 

I 

I 

3 

a 

J 


CONPIDUNTIAL 


r-RArr  *  whitnev  aircraft 


CONFIDENTIAL 


PWA-2600 


i 


and  turbine  cooling  air.  The  central  diffusers  pick  up  air  in  a  region 
where  the  boundary  layer  effects  are  negligible  and  diffuse  it  smoothly 
to  a  plenum  region  in  front  of  the  burner  dome.  The  swirlers  are  then 
fed  by  static  pressure  differential  between  this  plenum  area  and  the 
interior  of  the  combustor.  A  small  amount  of  cooling  air  is  injected 
through  slots  around  the  swirler  cups.  It  is  desirable  to  reduce  to  an 
absolute  minimum  the  tendency  for  flow  to  separate  from  the  main 
diffuser  walls.  For  this  reason,  the  remainder  of  the  central  diffuser 
airflow  is  reaccelerated  through  converging  nozzles  to  a  discharge 
point  just  ahead  of  the  ram  air  scoops.  At  this  point  the  reacceleraied 
air  mixes  with  the  main  outside  diffuser  air  and  then  feeds  the  primary 
and  secondary  scoops.  Because  it  is  converging,  the  portion  of  this 
air  that  passes  ‘hrough  the  converging  nozzle  is  not  likely  to  suffer 
flow  separation.  Furthermore,  the  rapidly  moving  air  discharging 
from  the  nozzle  aspirates  the  main  outside  diffuser  air  due  to  viscosi'.y 
effects.  Normally,  the  outside  diffuser  air  and  the  nozzle  air  move 
at  the  same  velocity  (Mach  0. 21).  However,  if  the  outside  diffuser 
air  tries  to  separate  at  some  point  downstream,  the  nozzle  air  will 
accelerate  the  slowly  moving  separated  air  and  pull  the  flow  back  in 
toward  the  scoops.  This  tendency  to  collapse  the  separated  layer, 
due  to  the  "air  ejector"  effect,  ensures  a  stable  flow  to  the  ram  air 
scoops.  Also,  the  effect  of  separation-inducing  disturbances,  such 
as  leakage  around  the  fuel  nozzle  supports,  is  much  less  critical  due 
to  the  decreased  sensitivity  of  this  design. 

c.  Inner  and  Outer  Combustion  Chamber  Case 


A  one-piece  outer  combustion  chamber  case  extends  from  the  rear 
flange  of  the  diffuser  case  to  the  forward  flange  of  the  turbine  case  at 
the  end  of  the  outer  transition  duct.  The  outer  case  is  sized  for  maxi¬ 
mum  burner  pressure,  which  is  181  psia  at  Mach  0.  7  sea  level.  The 
flanges  were  designed  to  the  same  stress  and  creep  limitations  as  the 
STF219  burner  cases  (Ref.  Section  II-2,  Main  Burner).  The  case  is 
fabricated  from  Inconel  716  (PWA  ivii)  sheet,  which  is  roiled  into  a 
hoop  and  longitudinally  welded  with  forged  flanges  welded  on  at  each 
end . 

The  inner  combustion  chamber  case  extends  from  the  diffuser  case 
inner  rear  flange  to  the  turbine  inlet  guide  vane  and  seal  support  case. 
The  case  is  fabricated  from  Inconel  718,  and  has  forged  flanges  at 
each  end  and  a  forged  section  in  the  middle.  The  connecting  sections 
consist  of  a  cylinder  and  a  cone  fabricated  from  Inconel  718  sheet. 
These  sections  are  of  double  wall  construction,  (smooth  sheet  outer 
wall  and  corrugated  sheet  inner  wall)  seal-welded  at  the  nodal  points. 
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This  construction  is  used  on  the  JT11D-20  and  provides  exceptional 
stiffness  with  very  light  weight.  This  case  was  designed  with  the 
same  1.3  buckling  margin  used  in  other  Pratt  &  Whitney  Aircraft 
commercial  engines. 

For  hot  section  inspection,  the  outer  combustion  chamber  case  is 
unbolted  and  moved  forward  over  the  primary  and  secondary  scoop 
sections.  The  radial  bolts  which  hold  the  inner  transition  duct  and 
turbine  inlet  guide  vane  retaining  segments  are  then  released,  and 
the  inner  transition  duct  slides  forward.  Removing  the  turbine  inlet 
guide  vane  outer  retaining  segments  will  permit  removal  and  replace¬ 
ment  of  the  first  stage  vanes. 

d  .  Annular  Combustion  Chamber 

J 

The  annular  combustion  chamber  is  divided  axially  into  two  sections.  ' 

The  forward  section  is  the  primary  injection  section.  Air  is  injected  j 

into  this  section  through  a  series  of  ram  air  scoops  to  provide  a  j 

stoichiometric  fuel/air  mixture  in  the  combustion  chamber.  There  1 

are  three  axially  staggered  primary  scoops  in  both  the  inner  and  outer  | 

combustion  chamber  walls  for  each  fuel  nozzle.  The  scoops  are  formed  ■ 

of  sheet  metal  weldments  welded  into  the  chamber  walls.  The  aft  • 

section  of  the  combustion  chamber  (secondary  injection  section)  is  ! 

located  immediately  behind  the  last  row  of  primary  injection  scoops.  j 

The  secondary  scoops  are  shaped  to  ensure  uniform  mixing  and  dilu¬ 
tion  of  the  bearing  primary  gases  and  to  furnish  both  a  suitable  tem¬ 
perature  and  temperature  profile  to  the  turbine.  There  are  two  axially 
staggered  secondary  scoops  in  each  of  the  chamber  walls  for  each  fuel 
nozzle.  Fabrication  of  the  secondary  section  is  similar  to  the  primary 
section  except  for  the  inclusion  of  tab-ended  cascade  vanes  that  are 
punched  and  welded  into  the  side  of  the  secondary  scoops.  The  scoop 
walls  in  both  the  primary  and  secondary  sections  are  convectively 
cooled  by  air  flowing  through  the  scoops.  Combustion  chamber  wall 
cooling  is  achieved  by  a  boundary  layer  film  produced  by  a  series  of 
louvers  in  the  walls  between  the  scoops.  Fabrication  of  the  scoops 
by  casting,  as  mentioned  in  the  earlier  proposal,  has  undergone 
further  study.  It  vas  found  that,  while  costing  less,  a  cast  scoop 
would  also  have  to  be  welded  into  the  chamber  walls  as  do  the  formed 
scoops,  1  ho  low  loading  on  each  scoop  along  with  convectively  cooled 
walls  dm-  .( r  d  a  thin  o/oop  wall.  This  could  not  be  achieved  with  a 
casing  w  tl,  •  >ul  a  considerable  amount  of  casting  process  refinement 
which  woul'  in  U  rn  increase  costs, 
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A  single  sheet  metal  wali  is  placed  between  each  combustion  chamber 
scoop  wall  and  its  adjoining  combustion  chamber  case.  This  wall 
serves  to  maintain  the  air  velocity  supplying  the  ram  air  scoops  and 
to  minimize  radiation. 

The  short  front  section  of  the  combustion  chamber  around  the  fuel 
nozzle  discharge  is  a  single  wall  construction.  It  is  cooled  both  in¬ 
ternally  and  externally.  Internally,  the  wall  is  boundary  layer  film- 
cooled  with  air  issuing  from  holes  located  in  the  vicinity  of  the  nozzle 
face.  Externally,  the  wall  is  convectively  cooled  by  initial  air,  which 
is  being  accelerated  from  the  forward  cavity  into  the  ram  air  scoop 
feed  passages.  Development  of  the  chamber  front  section  has  moved 
the  fuel  nozzle  aft  from  earlier  designs,  thus  eliminating  the  require- 
nn  1  of  a  double  wall  for  transpiration  cooling. 

The  swirl  cup  is  installed  by  inserting  it  forward  through  machined 
bosses  on  the  forward  part  of  the  combustor.  A  lockring  is  then  fitted 
over  the  protruding  forward  part  of  the  swirl  cup,  indexed  with  a  tab 
on  the  machined  boss,  and  tack-welded  to  the  lip  on  the  machined  boss. 
These  tack  welds  can  be  ground  off  at  overhaul,  allowing  the  swirl 
cups  to  be  replaced  if  damaged.  The  lockring  also  has  a  machined 
radial  groove  to  receive  a  flange  on  the  fuel  nozzle  swirler.  Air  is 
admitted  through  slots  in  the  lockring  and  fed  out  through  holes  in  the 
swirl  cups  to  provide  film  cooling  along  the  inner  edge  of  the  forward 
combustor  face. 

The  forward  part  of  the  combustor  containing  the  swirl  cups  and  air- 
scoops  is  held  in  place  by  eight  radial  pins  which  are  inserted  through 
the  diffuser  case  outer  wall.  This  feature  is  shown  in  Figure  2B--46. 
Machined  forgings  welded  to  the  front  of  the  combustor  protrude  for¬ 
ward  and  mate  with  platforms  machined  into  the  cut-away  trailing  edges 
of  the  diffuser  case  struts.  The  inner  platform  has  a  V-shaped  block 
that  fits  into  a  mating  groove  on  the  combustor  fitting  to  assure  pro¬ 
per  alignment  of  the  holes  for  the  radial  pins  that  pass  through  the 
outer  platforms.  The  pins  position  the  burner  axially  and  concentri¬ 
cally  with  the  diffuser  discharge  with  the  thrust  load  on  the  burner 
carried  by  the  pins  in  shear.  A  radial  clearance  gap  at  each  pin 
allows  for  thermal  expansion  and  tolerance  accumulation  between  the 
diffuser  case  and  the  combustor. 


The  materials  chosen  for  the  burner  construction  are  the  same  as 
those  used  in  the  5TF219  burner.  The  sheet  metal  is  I-Iastelloy  X 
(AMS  5536),  the  air  guide  swirlers  are  cast  Stellite  31  (AMS  5382), 
the  retaining  pins  are  Waspaloy  (PWA  1 0^f)4) ,  and  the  retaining  inserts 
on  the  combustor  nose  are  L-605  (AMS  5759). 
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e .  Transition  Duct 

The  rear  or  transition  duct  section  of  the  combustion  section  is  an 

annular  passage  that  further  mixes  the  burned  combustion  gases  and 

leads  them  into  the  turbine  section.  The  transition  duct  is  composed 

of  independent  inner  and  outer  shells,  each  of  which  is  fabricated  with  ? 

double-wall  construction.  The  walls  are  formed  sheet  metal  Hastelloy 

X  (AMS  5536)  weldments.  The  wall  is  convectively  cooled  with  air 

taken  in  at  diffuser  discharge  pressure  at  the  forward  end  of  the  wall 

and  discharged  at  the  aft  end  just  forward  of  the  turbine  inlet  guide 

vanes  at  turbine  inlet  pressure.  The  inner  skin  of  each  wall  provides 

the  structural  support  to  withstand  the  pressure  gradient.  The  outer  j 

skin  of  each  wall  provides  a  channel  for  convection  cooling  and  also 

supports  the  inner  wall.  The  transition  duct  walls  art  held  rigidly  with 

respect  to  each  other  at  the  forward  end.  The  aft  ends  of  the  inner  and 

outer  skin  of  each  wall  are  held  concentric,  but  are  free  to  allow  for 

radial  and  axial  differential  thermal  growth. 

f .  Fuel  Injection  System 

The  STJ22?  uses  32  equally  spaced  dual-orifice  fuel  nozzles  that  are  ! 

individually  removable.  To  ensure  concentricity  between  swirl  air  and 
injected  fuel,  the  swirlers  are  made  integral  with  the  fuel  nozzles.  ; 

Each  nozzle  assembly  slides  radially  inward  through  the  diffuser  case,  1 

where  a  flange  on  the  swirler  engages  a  positioning  groove  machined  j 

into  the  lockring  of  the  swirl  cup  assembly.  The  nozzle  assemblies  are 
held  by  bolted  flanges  on  the  outer  wall  of  the  diffuser  case.  To  reduce  \ 

coking,  jhe  pressurizing  valves  are  located  outside  the  engine  where  j 

the  environment  is  relatively  cool.  The  nozzle  assemblies  may  be  ! 

individually  removed  for  inspection  and  replacement  with  the  added  I 

advantage  that  the  swirler  may  be  examined  at  the  same  time.  1 

| 

g .  Ignition  System  (Main  Burner)  1 

The  ST.J227  turbojet  engine  uses  an  electrical  ignition  system.  This 
system  consists  of  an  exciter  mounted  on  the  outside  of  the  engine  and 
connected  to  two  6park  igniters  that  penetrate  into  the  front  section  of 
the  combustion  chamber  as  shown  in  Figure  2B-47.  The  igniters  are 
held  in  place  by  a  two-bolt  flange  on  the  diftuser  case,  immediately 
behind  the  fuel  nozzle  bosses,  and  are  easily  removable  for  inspection 
or  replacement.  The  spark  igniter  (single  electrode  annular  gap  plug) 
has  been  used  in  numerous  Pratt  &  Whitney  Aircraft  engines  such  as 
the  JT,3,  JT4,  JT8D,  etc.  To  seal  against  excessive  air  leakage,  the 
igniter  probe  passes  through  a  close-fit  spherical  sleeve  which  accom¬ 
modates  mechanical  tolerances  and  thermal  displacements . 
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h.  Seals 

The  joints  at  the  forward  end  of  the  inner  and  outer  transition  ducts 
and  the  joint  at  the  aft  end  of  the  outer  transition  duct  present  a  parti¬ 
cularly  difficult  sealing  problem.  Sven  though  there  is  a  very  small 
pressure  gradient  across  these  seals  (2  to  5  psi),  they  are  subjected 
to  very  high  radial  and  axial  thermal  displacement.  Furthermore, 
the  seals  must  maintain  good  flexibility  in  a  1200  °  to  1800  °F  tempera¬ 
ture  environment. 

Initial  seal  investigation  involved  the  convoluted  hoop  seals  used  in  the 
JT 1  ID- 20  aft  transition  duct  seal .  While  thes e  do  a  good  job  of  sealing , 
a  better  seal  design  has  been  studied  for  use  in  the  STJ227,  similar 
to  the  seal  used  in  the  J75  afterburner  nczzle.  Hundreds  of  thousands 
of  hours  of  flight  experience  with  this  sea1  has  been  accumulated,  and 
the  results  indicate  a  very  high  degree  of  durability. 

The  seal  consists  of  two  thin  metal  sheets  sandwiched  together  with 
alternating  slots  cut  lengthwise  to  form  a  series  of  interlocking  fingers. 
The  strip  is  attached  at  one  end  and  preloaded  against  an  annular  rub 
ring  at  the  other.  Radial  displacements  then  load  the  strip  as  individual 
cantilever  beams,  instead  of  loading  it  as  a  hoop.  This  configuration 
is  much  more  flexible  than  a  hoop  and  results  in  greatly  reduced  fatigue 
cracking  with  the  consequent  improvement  in  durability.  Variations 
of  this  sealing  method  are  being  proposed  for  the  three  joints  previously 
mentioned.  The  slotted  seals  are  Astroloy  (PWA  1013)  sheet  metal 
plated  i.n  the  rubbing  area  with  molydisulfide  (PWA  586-1)  and  the  rub 
ring  is  L-605  (AMS  5759)  cobalt  alloy. 

5.  TURBINE 

a.  General  Description 
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The  STJ227  is  a  two  stage,  single  spool,  overhung  turbine  engine 
designed  to  operate  at  turbine  inlet  temperatures  from  2000°F  (initial 
rating)  to  2300° F  (basic  rating)  with  good  efficiency.  Even  at  the 
20C0°F  initial  rating,  the  engine  can  be  operated  at  2300° F  TIT  for 
prototype  enging  ratings. 

The  first  stage  vanes  are  hollow  castings  supported  at  both  ends  and  are 
convectively  cooled.  The  first  stage  rotor  has  hollow,  convectively  cooled 
blades  with  extended  roots  and  root  damping.  Coverplatee  on  the  disk  rim 
carry  the  damper  weights  and  seals  and  direct  the  cooling  air  through  the 
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blade  root.  Second  stage  vanes  are  hollow  castings,  cantilevered  from  the 
outer  turbine  case.  The  second  stage  rotor  will  have  a  hollow,  cooled  blade 
for  the  basic  rating  of  2300° F  turbine  inlet  temperature,  but  will  be 
uncooled  for  initial  operation  at  2000°  F. 

b.  Turbine  Stationary  Parts 

The  turbine  rotor  is  enclosed  in  a  forged  one-piece  case.  The  turbine 
case  is  bolted  between  the  burner  outer  case  and  the  front  section  of 
the  turbine  exhaust  case.  The  vanes  are  air  cooled  and  structurally 
supported  at  the  platform  attachment  points  to  withstand  airfoil  gas 
loads.  Fail-safe  design  has  been  used  throughout  to  prevent  a  fractured 
vane  or  a  shaft  failure  from  producing  a  propagating  failure. 

The  turbine  case  is  a  one-piece  forging  made  from  Waspaloy  (PWA 
1004)  material.  The  case  is  flanged  at  the  front  and  rear  ends,  and 
is  double  conical  in  shape.  Internal  grooves  and  flanges,  integral 
with  the  case,  provide  support  for  the  turbine  stators. 

First  stage  vanes  are  cast  from  the  Pratt  &  Whitney  Aircraft  developed, 
directiona.Ty  solidified  nickel  base  alloy  (PWA  664),  a  material  with 
good  high  temperature  strength  and  creep  properties,  excellent  thermal 
shock  resistance,  and  good  elongation.  This  material  has  been 
successfully  used  in  the  first  stage  vanes  of  the  JT11D-20.  The  inner 
support  for  i.he  first  stage  vanes  consists  of  an  inner  turbine  nozzle 
vane  case  and  an  inner  vane  retaining  plate.  At  the  outer  platform, 
the  vane  feet  fit  into  slots  in  the  front  and  rear  retaining  rings.  These 
rings,  which  interlock  with  the  forward  turbine  case  flange,  prevent 
axial  and  circumferential  movement  of  the  vanes.  At  the  inner  vane 
platform,  the  attachment  restrains  the  vanes  from  axial  and  circum¬ 
ferential  movement,  but  allows  free  radial  movement  between  the 
vane  and  the  inner  support  case.  The  radial  looseness  is  required 
for  thermal  differentials  between  the  inner  and  outer  case.  This 
prevents  the  number  3  bearing  loads  from  being  transmitted  through 
the  vanes, 

'The  first  stage  vanes  are  cooled  by  internal  impingement  and  con¬ 
vection  by  compressor  discharge  air  entering  the  vanes  through  internal 
distribution  tubes  from  a  plenum  between  the  outer  platform  and  turbine 
case.  The  cooling  air  reaches  the  plenum  by  passing  between  the 
burner  and  the  engine  outer  case  and  through  holes  in  the  vane  retain¬ 
ing  ring.  The  air  distribution  tubes  inside  the  vane  airfoils  have  a 
number  of  small  holes  that  direct  air  to  the  inside  of  the  leading 
edges  and  the  sides  of  the  airfoils.  Small  protrusions  on  the  sides 
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of  the  tubes  control  the  gap  between  the  tubes  and  the  airfoil  inner 
walls  to  maintain  effective  convective  cooling  as  the  air  flows  around 
the  tubes.  The  air  exits  through  slots  in  the  trailing  edges  of  the 
airfoils . 


The  second  stage  turbine  vanes  are  cast  from  IN  100  (PWA658)  nickel 
base  alloy.  These  vanes  are  cantilevered  from  the  turbine  case  and 
are  subjected  to  gas  pressure  loads  on  the  inner  vane  supports  as  well 
as  on  the  airfoils.  The  outer  vane  feet  fit  into  circumferential  grooves 
and  axial  slots  in  the  turbine  case,  thus  transferring  gas  loads  from 
the  vanes  to  the  case.  The  lugs  on  the  inner  platforms  on  the  second 
stage  vanes  engage  mating  lugs  in  an  annular  channel-shaped  inner 
support  fabricated  from  Waspaloy  (PWA  687).  This  attachment  is 
required  for  free  radial  movement  between  the  vanes  and  the  inner 
support.  This  method  of  attachment  prohibits  thermal  differentials 
between  the  turbine  case  and  the  inner  support  from  placing  additional 
loading  on  the  vanes.  Knife-edged  rings  are  riveted  to  the  forward 
lip  and  bolted  to  the  rear  flange  of  the  inner  vane  support.  Compressor 
discharge  air  is  taken  from  the  plenum  between  the  first  stage  vane 
outer  platforms  and  the  turbine  case.  The  air  flows  through  holes  in 
the  first  stage  vane  foot  rear  retaining  ring,  between  the  turbine 
case  and  the  first  stage  blade  tip  seal,  and  through  grooves  in  the 
turbine  case  lugs  and  vane  feet.  It  then  enters  the  plenum  formed  by 
the  turbine  case  and  the  second  stage  vane  outer  platforms.  Air  from 
the  plenum  flows  into  internal  shells  in  the  vanes,  from  which  it  passes 
through  holes  to  impinge  on  the  inside  of  the  airfoil  leading  edges 
(Figure  2B-48).  It  then  flows  rearward  along  the  inner  sides  of  the 
vanes  and  is  discharged  through  slots  in  the  trailing  edges  of  the  air¬ 
foils. 

The  blade  rub  strips  are  fabricated  from  Hastelloy  X  (AMS  5754)  to 
ensure  high  oxidation  resistance  and  strength.  The  first  stage  blade 
rub  strip  is  segmented  because  of  thermal  incompatibility  with  the 
turbine  case.  It  is  held  in  place  by  the  first  and  second  stage  vanes 
and  their  supports,  and  by  anti-torque  lugs  which  mate  with  a  cir¬ 
cumferential  groove  and  axial  slots  in  the  turbine  case.  The  rub 
strip  is  cooled  by  high  pressure  compressor  air  traveling  between 
the  rub  strip  and  the  turbine  case.  In  addition,  a  portion  of  this  air 
is  metered  through  grooves  in  the  first  stage  vane  rear  support  ring 
and  blankets  the  inner  surface. 

The  second  stage  blade  rub  strip  is  held  in  place  by  the  second  stage 
vanes  and  by  a  machined  groove  on  the  turbine  exhaust  case.  Torque 
lugs  on  the  seal  engage  lugs  on  a  ring  that  is  grooved  to  accept  the 
second  stage  van*  rear  feet.  This  ring  is  flanged  and  bolted  between 
the  turbine  case  7-ear  flange  and  the  turbine  exhaust  case  front  flange. 
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All  vanes  are  secured  at  both  ends  to  prevent  a  fractured  or  burned 
vane  from  being  carried  downstream.  In  addition,  the  knife-edge 
seals  have  been  designed  to  permit  rearward  travel  of  the  rotor.  In 
the  event  of  shaft  failure,  the  rotor  shifts  axially  into  the  stator  and 
dissipates  the  stored  rotational  energy  within  the  engine.  The 
resulting  battering  of  the  airfoils  reduces  their  torque  input  to  the  rotor. 
Containment  of  broken  blades  is  provided  by  the  blade  rub  strips  and 
the  turbine  case.  The  required  turbine  case  thickness  for  adequate 
blade  containment  was  determined  by  strength  and  toughness  factors 
for  the  rub  strip  and  case  materials  at  their  maximum  operating 
temperatures. 

Provision  has  been  made  for  the  inspection  of  the  first  stage  vanes 
and  the  first  stage  turbine  disk  and  blades  without  a  complete  dis¬ 
assembly  of  the  engine.  The  burner  case  and  combustion  chamber  outer 
liner  slide  forward,  providing  access  to  the  bolted  plates  that  retain 
both  ends  of  the  first  stage  vanes.  Both  plates  and  the  combustion 
chamber  inner  liner  slide  forward.  Individual  vanes  may  then  be 
removed  and  replaced.  Access  to  first  stage  blades  for  inspection 
is  accomplished  by  removing  as  many  vanes  as  necessary. 


c.  Turbine  Rotor 


The  turbine  rotor  is  made  up  of  the  turbine  integral  hub  and  spacer, 
the  first  stage  disk  and  blade  assembly,  the  second  stage  disk  and 
blade  assembly,  the  interstage  seal-spacer,  the  turbine  rear  diaphragm, 
and  the  second  stage  disk  rear  seal.  The  disk  and  blade  assemblies  are 
maunted  on  the  integral  hub  and  spacer  by  thirty-two  0.  625  inch  dia¬ 
meter  tiebolts  for  the  first  stage,  and  by  twenty-four  0.  625  inch  dia¬ 
meter  tiebolts  for  the  second  stage.  The  second  stage  tiebolts  also 
retain  the  turbine  rear  diaphragm  and  the  rear  seal  to  the  second  stage 
disk.  The  interstage  seal-spacer  is  bolted  between  the  disks  and 
retained  by  the  disk  coverplatc  bolts  at  each.  enu.  The  seal-spacer 
carries  a  series  of  knife-edge  seals  which  align  with  seal  lands  on 
the  second  stage  vane  inner  shroud,  and  stiffens  the  large  diameter 
turbine  disks  to  reduce  vibration. 

The  first  stage  disk  and  blade  assembly  consists  of  the  disk,  82 
blades,  and  the  first  stage  disk  front  and  rear  c overplates.  The 
coverplates  are  retained  on  the  disk  by  forty-one  0,250  inch  diameter 
bolts  and  locate  and  retain  the  blades  by  means  of  an  axially  tight  fit 
on  the  blade  roots.  The  front  coverplate  serves  as  a  feeder  plate  to 
distribute  cooling  air  to  the  first  stage  blades,  and  has  two  sealing 
lands  for  the  knife-edge  seals  which  are  mounted  on  the  rear  of  the 
inner  burner  case  and  first  stage  vane  support.  This  coverplate  also 
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has  damper  weights  that  bear  on  the  blade  platforms  to  control  blade 
vibration.  The  first  stage  rear  coverplate  absorbs  the  axial  thrust  from 
the  blades,  and  carries  a  seal  land  for  a  knife-edge  which  is  mounted 
on  the  second  stage  vane  inner  shroud.  Both  front  and  rear  coverplates 
are  slotted  radially  at  the  inside,  and  in  addition,  the  front  coverplate 
is  slotted  from  the  outside  (between  damper  weights)  to  reduce  stresses 
due  to  thermal  gradients.  The  inside  slots  on  the  front  plate  terminate 
at  the  cooling  air  feed  holes;  the  slots  on  the  rear  plate  are  aligned  with 
the  disk  blade  attachment  lugs  to  prevent  air  leakage. 

The  second  stage  disk  and  blade  assembly  consists  of  the  disk,  102 
blades,  and  the  second  stage  disk  front  and  rear  coverplates.  The 
coverplates  are  retained  by  fifty-one  0.  250  inch  diameter  tiebolts. 

As  in  the  first  stage,  the  coverplates  retain  the  blades  by  an  axial 
tight  fit,  and  the  front  coverplate  distributes  cooling  air  to  the  blades. 

d.  Turbine  Disks 

Both  turbine  disks  are  machined  from  Astroloy  (PWA  1013)  forgings. 
Considered  in  the  disk  design  are:  creep  life  at  the  1  ng-time  engine 
operating  conditions,  low  cycle  fatigue  life  as  affected  by  stresses  due 
to  thermal  cycling,  burst  limit  in  relation  to  maximum  engine  over- 
speed,  vibration  characteristics,  and  stresses  at  the  rim  due  to  blade 
attachment.  The  rotor  cooling  system  has  been  designed  to  avoid 
large  temperature  gradients  across  the  disk  webs. 

e.  Turbine  Blades 

The  first  and  second  stage  turbine  blades  are  cast  from  IN  100  (PWA 
658),  and  have  hollow  cores  which  reduce  weight  and  serve  as  a 
passage  for  cooling  air.  The  blades  are  attached  to  the  disks  by 
multiple-serration  fir-tree  roots.  This  method  of  attachment  is 
designed  to  withstand  stresses  and  fatigue  resulting  from  rotation, 
airloads,  and  aer odynamically  excited  vibration,  and  has  proved 
reliable  and  efficient  by  many  hours  of  high  temperature  operation  in 
the  JT11D-20  and  other  Pratt  &  Whitney  Aircraft  engines.  The  blades 
have  integral  cast  platforms  at  the  airfoil  roots  which,  when  assembled 
on  the  disks,  form  the  inner  surface  of  the  flowpath,  ard  serve  as 
lands  for  knife-edge  seals  between  the  rotating  and  stationary  turbine 
parts.  The  blades  are  of  the  extended  root  type,  in  which  the  root 
attachments  are  separated  from  the  blade  platforms  and  airfoils  by 
extensions.  These  extensions  isolate  the  root  attachments  and  the 
disk  rims  from  the  hot  turbine  gases.  The  extended  neck  on  the  first 
stage  blade  also  provides  a  more  effective  action  of  the  vibration 
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damper  weights  which  bear  on  the  platforms.  The  extended  neck  on 
the  second  stage  blades  provides  room  for  the  cooling  air  passage  inlet 
between  the  blade  platform  and  the  root  attachment.  The  second  stage 
blades  carry  interlocking  tip  shrouds  which  control  vibration  and 
provide  an  integral  knife-edge  seal  to  reduce  leakage  around  the  blade 
tips. 


f.  Rotor  Cooling 

High  pressure  air  for  cooling  the  turbine  rotor  is  bled  from  compressor 
discharge  through  holes  near  the  rear  of  the  diffuser  case  inner  wall 
into  a  large  plenum  at  the  front  of  the  turbine  first  stage  disk.  In 
addition  to  supplying  turbine  cooling,  the  air  in  this  plenum  is  used 
for  engine  thrust  balance  by  loading  the  turbine  rearward  to  offset 
the  forward  load  generated  by  the  compressor.  The  major  require¬ 
ment  of  the  rotor  cooling  air  is  to  cool  the  blades.  However,  suitable 
orifices  and  flowpaths  are  provided  throughout  the  rotor  to  assure 
that  the  disks,  etc,,  are  cooled,  that  all  compartments  and  chambers 
are  ventilated,  that  inflow  of  hot  turbine  gases  is  prevented,  and  that 
uniform  temperatures  are  maintained  across  the  turbine  disk.  A 
second  source  of  cooling  air  is  obtained  from  the  compressor  just  aft 
of  the  eighth  stage  stator.  This  air  flows  through  holes  in  the  com¬ 
pressor  rotor  spacer  and  into  and  through  the  turbine  shaft  cooling 
the  second  stage  disk  bore.  This  air  exits  through  orifices  in  the 
turbine  rear  diaphragm. 

Cooling  air  reaches  the  first  stage  blade  airfoils  through  radial  holes 
in  the  roots.  There  are  three  holes  through  each  blade  root  which 
intersect  the  cast  core  passage  in  the  blade  root  extension,  as  shown 
in  Figure  2B-49-  The  root  attachment  slots  in  the  disks  are  deeper 
than  the  blade  roots  and  form  a  passage  for  the  cooling  air  to  reach 
the  radial  holes  in  the  roofs.  Cooling  air  is  distributed  to  the  blade 
roots  by  holes  ir.  the  first  stage  front  coverplate.  The  rear  cover- 
plate  prevents  the  loss  of  the  cooling  air  to  the  rear.  This  cooling 
system  minimizes  heat  input  to  the  disk,  and  maintains  low  axial  and 
radial  thermal  gradients  in  the  attachments. 

The  first  stage  blade  airfoils  are  convectively  cooled  by  air  passing 
radially  through  the  cored  passages  and  exiting  at  the  blade  tips,  A 
series  of  baffles  in  the  passages  mix  the  flow  and  increase  the  velocity 
to  improve  convective  cooling.  This  scheme  is  presented  in  Figure 
2B-50.  The  baffles  begin  at  midspan,  and  are  positioned  to  provide 
high  turbulence  and  mixing  at  the  leading  and  trailing  edges  where  most 
cooling  is  needed.  The  cooling  air  exits  to  the  low  pressure  side  of 
the  airfoils  at  the  tips. 
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The  second  stage  blades  are  cooled  in  the  same  manner  as  the  first 
stage,  except  the  cooling  air  enters  the  blade  through  holes  in  the 
forward  face  of  the  extended  neck.  Because  of  the  greater  number  of 
second  stage  blades  and  the  narrower  attachments,  it  is  not  practical 
to  bring  the  cooling  air  through  the  root  as  on  the  first  stage.  To 
reach  the  second  stage  blades,  the  cooling  air  passes  through  holes 
in  the  first  stage  disk,  through  radial  holes  at  the  rear  of  the  inter¬ 
stage  seal-spacer,  and  is  distributed  to  the  blades  by  holes  in  the 
second  stage  disk  front  coverplate.  The  second  stage  blades  are 
convectively  cooled  by  air  passing  through  the  hollow  core  and  utilize 
internal  baffles  similar  to  those  of  the  first  stage  blades,  The  cooling 
air  exits  through  the  blade  tips  behind  the  knife-edge  seal. 

A  number  of  small  radial  holes  are  provided  near  the  front  of  the 
interstage  seal-spacer  to  pressurize  the  chamber  formed  by  the  inter¬ 
stage  seal-spacer  and  the  forward  part  of  the  second  stage  vane  inner 
shroud  and  seal  support.  Air  entering  this  chamber  leaks  out  past  the 
knife-edge  seals  at  the  tirst  stage  disk  rear  coverplate  and  the  first 
stage  blade  rear  platform.  Cooling  air  also  passes  from  the  chamber 
between  the  disk  through  holes  in  the  second  stage  disk  to  cool  the 
rear  face  of  the  second  stage  disk.  The  cooling  air  at  the  rear  of  the 
second  stage  disk  leaks  past  a  knife-edge  seaJ  at  the  rear  of  the  second 
stage  blade  platforms,  and  past  the  double  knife-edge  seal  mounted  at 
the  disk  tiebolt  circle.  The  outer  seal  at  the  blade  and  the  seal  lands 
for  the  inner  rear  seal  are  supported  from  the  inner  turbine  exhaust 
case. 

g.  Turbine  Shafts 

The  turbine  shaft  is  coupled  to  the  interstage  turbine  hub  at  the  number 
3  bearing,  and  to  the  rear  hub  of  the  compressor  at  the  number  2 
bearing.  In  addition  to  transmitting  torque  and  axial  load,  the  hollow 
center  serves  as  a  flowpath  carrying  cooling  air  from  the  compressor 
to  the  turbine.  The  number  3  bearing  provides  support  for  the  turbine 
rotor  through  the  interstage  turbine  hub. 

The  rear  flange  of  the  interstage  turbine  hub  is  bolted  to  the  front  face 
of  the  second  stage  turbine  disk,  Just  forward  of  this  flange  the  hub 
branches  into  two  sections.  One  cylindrical,  section  extends  forward 
to  the  front  flange,  which  is  bolted  to  the  rear  face  of  the  first  stage 
disk.  The  other  section  tapers  inward,  becomes  cylindrical  just  aft 
of  the  first  stage  disk  bore,  and  terminates  just  forward  of  the  disk. 
The  inner  cylindrical  portion,  which  passes  through  the  disk  bore,  is 
internally  aplined  tc  drive  the  turbine  shaft.  The  hub  has  a  shoulder 
aft  of  the  spline  that  acts  as  a  bearing  surface  for  the  coupling  nut 
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that  screws  onto  the  end  of  the  turbine  shaft.  The  shaft  has  an  external 
spline  at  the  rear  end  to  match  the  hub  spline.  From  this  spline  the 
shaft  extends  forward,  tapering  slightly  inward,  to  couple  with  the 
rear  compressor  hub  just  forward  of  the  number  2  bearing.  The  shaft 
is  splined  at  the  forward  end  to  drive  the  compressor  hub.  The  hub 
and  shaft  are  attached  by  a  threaded  coupling  that  screws  into  the 
turbine  shaft  and  pulls  up  against  a  shoulder  on  the  hub.  The  hub  and 
shaft  are  locked  together  by  a  sliding  spline  spring-loaded  mechanism 
to  prevent  loosening.  The  turbine  shaft  and  hub  form  a  double  shaft 
that  passes  through  the  number  2  bearing.  This  feature  ensures  that 
the  shaft  cannot  be  twisted  off  by  a  main  thrust  bearing  failure,  thus 
preventing  destructive  turbine  overspeed.  The  threaded  coupling  has 
an  internal  spline  at  the  rear  to  allow  for  disassembly  of  the  engine 
from  the  rear, 

h.  Turbine  Rotor  Balancing 

Before  assembly,  the  turbine  shaft  is  dynamically  balanced  by  removing 
material  from  the  rear  of  the  shoulder  that  acts  as  a  stop  for  the  rear 
compressor  hub,  and  from  the  front  of  the  shoulder  that  acts  as  a  stop 
for  the  number  3  bearing  assembly.  The  first  stage  disk  and  blade 
assembly  is  statically  balanced  by  pairing  the  blades  by  the  moment 
weight  method  during  assembly  to  permit  service  replacement  of 
blades  in  pairs  without  rebalancing,  by  mounting  the  front  and  rear 
coverplates  with  heavy  sides  opposite,  and  by  inserting  plugs  in  holes 
provided  between  tiebolts  in  the  disks.  The  plugs  are  trapped  at 
assembly  by  adjacent  flanges.  The  second  stage  disk  and  blade 
assembly  is  balanced  in  the  same  manner  as  the  first  stage. 

The  turbine  rotor  is  then  assembled  with  the  number  3  bearing  com¬ 
partment  and  support,  the  combustion  chamber  inner  and  outer  cases 
forward  to  the  diffuser  case  rear  flanges,  the  turbine  case  first  and 
second  stage  turbine  stators,  and  all  associated  hardware.  The  entire 
assembly  is  then  balanced  by  using  nuts  (classed  by  weight)  on  the 
first  and  second  stage  turbine  tiebolts, 

i.  Stress  Summary 

Turbine  component  stresses  were  determined  by  an  IBM  program  that 
determined  the  stress  redistribution  resulting  from  short-time  local 
yielding  and  long-term  creep.  In  addition,  methods  evolved  through 
an  extensive  program  of  material  and  stress  evaluation  were  used  to 
predict  burst  and  yield  speeds,  transient  yield  growth,  creep 
characteristics,  and  low  cycle  fatigue  characteristics  of  the  turbine 
components.  On  the  basis  of  these  predictions,  the  turbine  was  designed 
to  meet  the  requirements  of  the  engine. 
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A  definition  of  the  factors  used  for  the  design  of  the  first  and  second 
stage  disks  is  shown  below: 

•  Burst  margin  -  overspeed  above  the  maximum  operating  speed 
to  cause  fracture. 

•  Yield  margin  -  overspeed  above  the  maximum  normal  operating 
speed  to  cause  general  yielding. 

•  Creep  growth  not  to  exceed  0.  1%  -  permanent  growth  due  to  a 
combination  of  temperature  and  stress  over  the  life  of  the  engine 
not  to  exceed  0.  1%. 

«  Low  cycle  fatigue  life  -  number  of  cycles  (ascent,  steady-stat- :, 
and  descent  being  one  cycle)  without  producing  cracks. 

Allowable  stress  levels  to  provide  adequate  burst,  yield,  and  creep 
capability  and  low  cycle  fatigue  life  were  determined  using  experience 
gained  from  development  of  the  JT11D-20  engine. 

Waspaloy  (PWA  1016)  and  Astroloy  (PWA  1013)  were  considered  for 
disk  material.  For  both  stages  Waspaloy  disks  were  creep-limited, 
whereas  Astroloy  disks  were  burst-limited.  Since  Astroloy  disks  are 
considerably  lighter  for  each  stage  (46%  first  stage  disk  and  20% 
second  stage  disk)  this  material  has  been  chosen. 

The  turbine  disks  were  analyzed  for  the  high  flow  cruise  condition  at 
Mach  2.  7,  65,  000  feet.  This  condition  presents  both  the  maximum 
speed  and  the  most  critical  high  temperature  environment. 

The  following  is  a  stress  summary  for  the  first  and  second  stage 
turbine  disks, 

STRESS  SUMMARY 
DISK 


First  Stage 

Second  Stage 

Disk  Material 

Astroloy 

Astroloy 

Average  temperature  (°F) 

1230 

1215 

Maximum  gradient  (°F) 

35 

130 
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Average  tangential  stress  (psi) 

73,  300 

73,  600 

Yield  margin  (Co) 

1  7 

16 

Burst  margin  (%) 

30 

30 

Low  cycle  fatigue  life  (cycles) 

B  ore 

60,  000 

20,  000 

Main  bolt  circle 

32, 000 

45, 000 

Rim  spacer  bolt  circle 

60,  000  . 

70,  000 

Coverplate  bolt,  circle 

80,  000 

Rim 

40,  000 

80,  000 

Blade-to-disk  fir-tree  attachments  are  similar  to  those  that  have  many 
hours  of  successful  running  at  similar  temperatures  and  stress  levels  on 
the  JT1  ID-20.  The  allowable  stress  levels  have  been  derived  from 
both  JT11D-20  and  other  applicable  experience.  The  following  is  a 
stress  summary  of  a  typical  root  attachment. 

STRESS  SUMMARY 
ROOT  ATTACHMENT 

Disk  material  Astroloy 


Attachment  temperature  1255 °F 


Blade 

material 

IN  100 

BLADE  S  TRESSES 

Stress  Factor 

Stress 

Allowable  Stress 

Actual  Stress 

(psi) 

(psi) 

Allowable  Stress 

P/A  (1st  Neck) 

46, 500 

51,600  (65%  6000  hr,  S.R.  ) 

0.  90 

Me  / 1  (1st  Tooth) 

29, 650 

33,  800  (40%  6000  hr.  S.R.) 

0,  88 

Shear  (1st  Tooth) 

25,  100 

25,  380  (30%  6000  hr.  S.  R.  ) 

0.  99 

Combined  (1st  Neck) 

76, 150 

85,400  (105%  6000  hr.  S.R.) 

0,  90 

Bearing  (1st  Tooth) 

63,400 

75,  900  (60%  x  0.  2%  yield) 

0,  84 

DISK  STRESSES 

P/A  (1st  Neck) 

43,  500 

66,  ZC0  (60%  6000  hr.  S.  R.  ) 

0.  66 

Me  /I  (1st  Tooth) 

37,  400 

4  1,  700  (40%  6000  hr.  S.  R,  ) 

0.  90 

Shear  (1st  Tooth) 

24,  j 

30,  600  (30%  6000  hr.  S.  R,  ) 

0.  79 

Combined  (1st  Neck) 

80,  l  "> 

1.07,  000  ( 100%  6000  hr,  S.  R, 

)  0.  76 

Bearing  (1st  Tooth) 

61,  500 

100,  000  (80%  X  0.  2%  yield) 

0,  62 
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The  shafts  and  hub  are  designed  to  withstand  the  stress  produced  by  a  10% 
blade  loss  load.  Evaluations  for  tors'onal  shear  stress,  creep,  and 
buckling  stress  indicate  that  they  are  critical  speed  limited.  The 
shafts  and  hubs  for  the  STJ227  provide  for  a  stiff  bearing  critical  speed 
margin  of  30%,  This  assures  that  the  rotors,  when  coupled  to  the 
bearing  support  structure  and  rases,  will  not  produce  any  bending 
modes  in  the  operating  range  of  the  engine,  Waspaloy  (PWA  1007)  is 
being  used  for  these  parts. 

j.  Turbine  Vibration 

The  first  stage  turbine  incorporates  damped,  extended  root  blades 
because  of  high  blade  buffeting  excitation  from  the  burner.  Damping 
is  accomplished  in  a  manner  similar  to  the  JT11D-20  first  stage  by  the 
use  of  centr ifugally- forced  damper  weights.  The  damper  weights  contact 
the  forward  blade  platforms  and  a  land  on  the  coverplate.  Each  weight 
can  adjust  radially,  but  is  retained  by  a  rivet  to  the  forward  disk 
coverplate.  Relative  motion  between  the  blade  platforms  and  cover- 
plate  is  provided  by  the  flexible  blade  root  extension.  In  the  funda¬ 
mental  blade  vibration  modes,  friction  forces  caused  by  the  damper 
weights  rubbing  on  the  contact  surfaces  damp  the  motion  and  reduce 
stresses.  Damping  effectiveness  is  achieved  by  properly  sizing  the 
damper  weights  for  optimum  friction  force.  Figure  2B-51  shows  the 
maximum  blade  airfoil  vibrational  stress  versus  normal  damper 
force  for  the  JT11D-20  engine.  The  STJ227  design  will  provide 
similar  damping,  which  will  minimize  blade  vibrational  stress  levels. 

The  first  stage  blade  and  disk  assembly  has  been  designed  to  eliminate 
disk  rim  resonance  in  the  running  range.  Figure  2B-52  shows  the  biaded- 
disk  coupled  mode.  A  4-Nodal  diameter  mode  lies  in  the  running  range, 
but  this  mode  will  have  very  little  excitation. 


The  second  stage  blades  are  tip-shrouded  to  increase  blade  st.ifness  f 

and  blade  resonance  above  2E  at  speed.  Blade  stresses  are  reduced  p  j 

by  positioning  the  shroud  angle  parallel  to  the  blade  bending  motion  ••  | 

in  the  fundamental  vibration  mode.  Maximum  damping  is  thus  assured  § 

in  the  modes  where  maximum  stresses  are  expected,  with  adequate  I  t 

damping  in  other  modes.  A  disk  diaphragm  spacer  was  found  necessary  •  --  f 

to  stiffen  the  disk  to  provide  the  2E  margin  in  the  bladed-disk  coupled  I 

vibration  mode,  \ 


i 

f1 
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k.  Blade  and  Vane  Structural  Considerations 
(1)  Geometric  Limitations 

The  aerodynamic  requirements  of  the  turbine  primarily  determine  the 
size  and  shape  of  the  airfoils  as  well  as  the  approximate  stress  levels, 
The  cooling  scheme  used  must  be  capable  of  doing  its  job  within  the 
space  allowed.  Some  compromises  in  the  shape  of  the  airfoils  are 
acceptable,  such  as  increasing  the  leading  edge  radii.  This  signifi¬ 
cantly  reduces  the  outside  film  coefficients  and  reduces  the  temperature 
at  the  leading  edges  without  seriously  penalizing  the  turbine  design 
point  efficiency.  To  a  lesser  degree,  the  trailing  edge  design  may 
be  compromised  by  increasing  the  thickness  to  extend  the  cooling 
passage  further.  Some  of  the  loss  is  regained  by  discharging  cooling 
air  out  the  trailing  edge  to  energize  the  wake. 


(2)  Design  Criteria 

Controlling  design  criteria  of  turbine  vanes  and  blades  include  creep 
and  stress  rupture,  thermal  fatigue,  and  erosion-corrosion.  These 
three  criteria  are  sensitive  to  metal  temperature;  therefore,  the  life 
of  an  airfoil  can  be  controlled  by  designing  for  acceptable  tempera¬ 
ture  levels. 

In  the  case  of  creep  and  stress  rupture  the  acceptable  levels  are 
based  on  long  time  steady-state  operation  where  progressive  creep 
will  eventually  reach  levels  at  which  the  airfoils  cease  to  be  accept¬ 
able.  In  vanes  the  primary  creep  problem  is  associated  with  bowing 
of  the  trailing  edges.  Creep  causes  the  blades  to  stretch  until  the 
lips  rub  against  the  case  or  until  stress  rupture  cracks  start.  Either 
of  these  occurrences  may  end  the  useful  life  of  a  blade. 

Thermal  fatigue  is  associated  primarily  with  transient  stresses  and 
strains  caused  by  the  high  ther  mal  gradients  in  the  airfoil  during 
engine  transients.  If  the  strains  significantly  exceed  the  yield  limit 
of  the  material,  the  airfoils  will  be  damaged  during  each  thermal 
cycle.  Careful  design  is  required  to  obtain  adequate  cyclical  life  for 
the  required  time  between  overhauls. 

Erosion  and  corrosion  are  processes  by  which  the  surface  of  the 
airfoils  erode  and  thermally-activated  corrosive  action  takes  place 
at  the  inter -granular  boundaries  of  the  airfoil  material.  Coating 
developed  for  elevated  operating  temperatures  will  protect  the  base 
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material.  The  coating  itself,  however,  may  eventually  erode  to  the 
point  that  the  gas  can  reach  the  base  material.  Therefore,  one  design 
requirement  for  the  airfoils  is  that  a  surface  temperature  be  main¬ 
tained  that  will  permit  the  coating  to  remain  intact  for  the  specified 
time  between  overhaul  (TBO). 


I 


6.  TURBINE  EXHAUST 


a.  General  Description 

Because  of  unique  design,  the  turbine  exhaust  section  of  the  STJ227  is 
Lighter  than  the  JT11D-20.  By  using  overhung  turbine  disks,  the  need 
for  major  structural  support  at  the  rear  of  the  turbine  rotor  has  been 
eliminated.  The  turbine  exit  guide  vanes  do  not  accommodate  the  oil, 
air,  and  breather  lines  and  do  not  carry  bearing  loads  to  the  outer  case. 
The  construction  and  assembly  of  the  section  were,  therefore,  simplified. 

The  airflow  leaving  the  turbine  is  diffused  through  the  exhaust  section 
which  has  4°  inner  and  outer  case  cone  angles.  Swirl  is  removed  by 
16  exit  guide  vanes  before  the  flow  passes  into  the  afterburner.  The 
exit  guide  vanes  are  spaced  far  enough  rearward  to  minimize  second 
stage  turbine  blade  excitation,  as  shown  in  Figures  ?B-53  and  2B-54, 

b.  Physical  Structure 

The  exhaust  flowpath  is  formed  by  the  inner  and  outer  turbine  exhaust 
cases,  which  are  machined  from  Waspalov  (PWA  687)  forgings,  Waspa- 
loy  cases  on  the  JT11D-20  have  demonstrated  satisfactory  performance 
at  comparable  temperatures. 

The  inner  case  is  flanged  at  both  ends,  A  knife-edge  seal  and  a  dia¬ 
phragm-supported  knife-edge  seal  land  are  riveted  to  and  supported 
by  the  front  flange.  This  seal  structure  controls  cooling  airflow  at 
the  rear  face  of  the  second-stage  turbine  disk.  The  rear  flange 
supports  the  truncated  tailcone  and  a  diaphragm  that  closes  the  cone's 
forward  end. 

The  tailcone  forms  the  diffuser  inner  flowpath  and  is  truncated  just 
forward  of  the  afterburner  spraybars,  The  inner  diaphragm  prevents 
hot  exhaust  gas  recirculation  inside  the  inner  case.  Two  circumferential 
stiffener  rings  are  an  integral  part  of  the  inner  exhaust  case  and  serve 
as  the  supporting  structure  for  the  exit  guide  vanes. 
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The  outer  case  supports  and  positions  the  second-stage  turbine  blade 
rub  strip  at  its  forward  end  and  the  afterburner-ejector  system  at  its 
rear  flange.  The  rear  engine  mount  is  located  approximately  midway 
between  the  front  and  rear  flanges.  Maneuver  loads  imposed  by  the 
engine  mount  and  the  ejector  system  dictate  case  material  thickness. 

The  case  is  buckling  limited  and  is  designed  to  give  an  elastic  buckling 
margin  of  2. 

The  exit  guide  vanes  are  cast  from  Inconel  713  (AMS  5291)  with  an 
integral  inner  foot.,  and  are  cored  for  minimum  weight.  Sheet  metal 
construction  was  considered  for  the  vanes  because  of  its  light  weight, 
but  experience  with  both  types  of  vane  on  the  JT11D-20  dictated  a 
choice  of  castings  for  long  life  and  trouble-free  operation. 

The  vanes  extend  through  cutouts  in  the  inner  turbine  exhaust  case  and 
are  bolted  to  the  stiffener  rings  (Figure  2B-55).  A  radial  pin  machined 
from  Waspaloy  (PWA  687)  is  extended  through  the  outer  turbine  exhaust 
case  and  mount  ring  into  a  socket  in  the  tip  of  each  exit  guide  vane  to 
form  the  outer  vane  support.  The  vanes  are  individually  replaceable 
so  that  damage  to  one  or  more  vanes  does  not  necessitate  the  installa¬ 
tion  of  a  completely  new  inner  exhaust  section  structure. 

The  pinned  outer  vane  attachment  allows  radial  vane  growth  during 
transient  thermal  conditions  independently  of  the  outer  exhaust  case. 
This  construction  eliminates  a  stress  problem  which  would  result  from 
attaching  the  vanes  rigidly  to  both  inner  and  outer  cases.  The  absence 
of  a  bearing  behind  the  turbine  makes  the  sliding  pin  attachment 
possible.  Vans  loads  are  primarily  due  to  the  gas  load  resulting  from 
turbine  swirl.  Stresses  are  limited  to  the  6000  hour  stress  rupture 
strength  of  the  \ane  material. 

7,  BEARINGS  AMD  SEALS 

a.  General  Description 

(1)  Bearings 

The  number  1  bearing  compartment  is  supported  by  a  box  structure 
formed  at  the  inner  end  of  the  inlet  guide  vanes.  An  oil  scavenge 
pump  in  the  compartment  is  driven  from  the  front  hub  of  the  compres¬ 
sor  rotor.  The  number  1  roller  bearing  is  preloaded  by  means  of  an 
elliptical  outer  race  to  prevent  roller  skidding.  The  bearing  material 
is  PWA  724  or  PWA  725  steel  melted  by  consumable  electrode  vacuum 
procedure,  stabilised  for  600°F. 
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The  bearing  compartment  is  cil-jet  cooled  and  lubricated.  The  main 
shaft  seal  is  an  assembly  of  carbon  ring  seals,  which  are  loaded  by 
fourth  stage  compressor  discharge  air,  backed  up  by  labyrinth  seals. 
This  backup  system  prevents  leakage  of  oil  vapor  into  the  main  engine 
flowpath,  which  otherwise  could  cause  contamination  of  the  clean  cabin 
air  supply  system  tapped  off  the  main  stream  at  the  diffuser  case.  The 
seal  schematic  is  shown  in  Figure  2B-56.  The  material  for  the  knife- 
edge  section  of  the  labyrinth  seals  is  Hastelloy  W  {AMS  575 6)  and  the 
seal  land  material  is  stainless  steel  {AMS  5613). 

Fourth  stage  air  i.s  obtained  from  transfer  tubes  routed  through  inlet 
guide  va^es.  In  addition,  oil  supply,  return,  and  breather  lines  arc 
routed  through  other  inlet  guide  vanes. 

1  ue  number  2  bearing  compartment  is  located  inside  the  diffuser 
flowpath  wall  and  is  supported  by  flanges  attached  to  the  inner  diffuser 
case.  The  number  ?,  bearing  is  a  ball,  thrust  bearing  from  which  the 
load  is  transmitted  through  the  otruts  to  the  outer  diffuser  case.  The 
bearing  material  is  PWA  725. 

This  bearing  compartment  is  oil-jat  coolad  and  lubricated,  A  carbon 
face  main  shaft  seal  pressure  loaded  by  fourth  stage  compressor  dis¬ 
charge  air  and  backed  up  by  labyrinth  seals  prevents  oil  vapor  loss  to 
tho  inner  burner  case  region,  Tho  seal  schematic  is  shown  ir.  Figure 
213-97,  Hastelloy  W  {AMS  5755)  Is  used  for  tho  knife- adge  section  of 
labyrinth  seals,  and  stainless  steel  (AMS  5613)  for  Lira  seal  lands, 

Tho  high  pressure  fourth  stage  air  and  lubricating  oil  ai'ti  obtained 
from  transfer  tubes  routed  through  the  diffuser  coho  struts.  The 
scavenge  oil  is  returned  by  gravity  through  the  diffuser  case  strut, 
located  45”  from  the  bottom  vertical  contorllna,  to  a  scavenge  pump 
In  the  gearbox.  Tho  number  2  and  3  bearing  compartments  are  vented 
through  tubes  located  in  diffuser  cn»o  struts.  Thermal  blanket  insula » 
tion  is  attached  to  the  outer  walls  of  the  compartment  to  reduce  the 
tornporatui'fc  of  the  number  2  bearing  compartment  and  to  minimise 
heat  rejection  to  the  oil. 
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Two  tower shaftH  are  required  to  transmit  power  from  tho  engine,  One 
Hhafl  drives  the  aide-mounted  engine  accessory  gearbox,  For  the 
Boeing  installation  tho  second  shaft  terminates  at  a  pad  located  at  tin* 
top  of  the  nnglne.  For  the  Lockheed  Installation  tho  shaft  drives  u 
right-angled,  stoppod-down  gearbox  and  decoupler  mounted  at  the 
same  location.  Starting  is  accomplished  through  the  top  towershaft 
for  both  Installations .  The  spiral  bovo!  pinions  for  the  drives,  located 
In  the  number  2  bearing  compartment,  are  supported  by  boll  and  roller 
bearing  assemblies  bolted  into  the  inner  box  structure. 
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The  number  3  bearing  compartment  is  supported  by  a  conical  section 
that  transmits  bearing  loads  to  a  conical  case  which  mates  with  a 
flange  attached  to  the  inner  diffuser  case.  The  number  2  roller 
bearing  is  preloaded  similar  to  the  number  1  bearing.  The  bearing 
material  is  PWA  724  or  PWA  725  and  the  conical  case  material  is 
Waspaloy  (PWA  1030). 

The  number  3  bearing  compartment  is  oil- jet  cooled  and  lubricated 
with  a  seal  system  similar  to  the  number  2  seal.  It  consists  of  a 
carbon  face  seal  that  is  loaded  with  fourth  stage  compressor  discharge 
air  and  backed  up  by  a  labyrinth  seal  system.  This  limits  leakage  in 
event  of  carbon  seal  failure  and  protects  the  seal  from  exposure  to 
high  temperature,  high  pressure  air.  The  seal  schematic  is  shown  in 
Figure  2B-58.  Hastelloy  W  (AMS  5755)  is  used  for  the  knife-edge 
section  of  the  labyrinth  seals,  and  stainless  steel  (AMS  5613)  is  used 
for  the  seal  lands. 

The  number  3  bearing  compartment  is  protected  against  high  tempera¬ 
tures  by  thermal  blanket  insulation  attached  to  the  outer  wall  of  the 
compartment.. 

Oil  supply  lines  for  the  bearing  compartment,  venting  lines  for  laby¬ 
rinth  seals,  and  high  pressure  air  lines  are  routed  through  the 
diffuser  case  struts.  Accumulated  oil  in  the  compartment  is  removed 
to  the  number  2  bearing  compartment  by  an  oil  ejector  type  scavenge 
pump. 

(2)  Seals 

The  bearing  compartments  are  sealed  by  a  primary  carbon  face  seal. 
Experience  gained  on  the  JT11D-20  has  shown  that  a  dry  face  type 
seal  operates  satisfactorily  for  high  temperature  Beal  applications.  In 
a  dry  face  seal,  the  oil  flows  directly  through  the  seal  plate  for  cooling. 
The  primary  advantage  of  the  dry  face  seal  is  the  reduction  of  oil  leakage 
past  the  carbon  seal. 

The  carbon  seals  are  backed  up  by  labyrinth  seals.  The  chamber  bet¬ 
ween  the  inner  two  sets  of  labyrinth  seals  contains  fourth  stage  com¬ 
pressor  discharge  air  to  protect  the  carbon  seal  from  high  temperature 
air,  to  limit  the  oil  leakage,  to  reduce  the  net  seal  loading,  and  to 
provide  a  longer  life.  The  carbon  seals  are  held  against  the  oil-cooled 
seal  plate  by  a  spring.  The  seal  plate  is  flame-plated  with  chrome 
carbide  (PWA  50). 
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Bellows  seals,  in  place  of  the  spring  and  piston  ring  secondary  seal 
design,  are  also  being  considered.  The  bellows  seals  would  eliminate 
secondary  piston  ring  seal  leakage.  This  is  important  from  the  stand¬ 
point  of  oxidation  and  fire  resistance.  Figure  2B-59  presents  the 
bearing  compartment  design  now  being  evaluated. 

The  preceding  compartment  configurations  are  being  designed  for  initial 
engine  operation  while  a  hydrostatic  type  seal  will  be  developed  for 
long  life  engines.  This  is  a  face  seal  which  rides  on  a  thin  cushion  of 
air  a  few  ten-thousandths  of  an  inch  off  the  seal  plate.  The  cushion 
of  air  is  provided  by  an  air  supply  from  a  pressure  source  greater 
than  that  to  be  encountered  on  either  side  of  the  seal. 

The  advantages  of  the  hydrostatic  seal  over  a  carbon  faced  seal  are: 

•  Reduced  neat  generation  and  lube  side  heat  input.  The  lube  side 
heat  input  could  be  reduced  as  much  as  25%. 

•  Long  life  because  of  the  air  cushion  effect. 

•  Fail-safe  design,  such  that  it  will  operate  as  a  carbon  face  seal 
if  the  air  supply  should  fail. 

A  hydrostatic  seal  similar  to  that  shown  on  Figure  2B-60  has  been 
auccessfully  tested  for  150  hours  on  a  rig  simulating  high  Mach  number 
conditions.  At  the  conclusion  of  the  test  this  seal  exhibited  no  measurable 
wear  and  the  seal  faces  were  absolutely  clean.  However,  this  seal  does 
require  a  sophisticated  pressure  balance  system  which  will  require  de¬ 
velopment. 

b.  Lubrication 

The  number  1,  2,  and  3  bearings  are  lubricated  by  a  combined  oil  mist 
and  jet  oil  system  and  cooled  by  oil  flowing  through  slots  in  the  bearing 
inner  race.  In  the  number  2  and  number  3  bearing  compartments,  the 
oil  supplied  to  the  inner  races  is  picked  up  from  stationary  jets  by  ro¬ 
tating  scoops.  In  the  number  3  compartment,  the  oil  flows  through  a 
series  of  slots  to  cool  the  inner  race,  and  then  flows  radially  out  to 
the  bearing  compartment  through  a  series  of  holes  in  the  seal  rub 
plate.  The  number  2  compartment  oil  also  flows  outward  through 
a  series  of  radial  slots  in  the  split  inner  race  of  the  bearing  to  centri¬ 
fuge  the  oil  into  the  bearing  for  lubrication. 
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H.  AFTERBURNER  AND  PRIMARY  NOZZLE 
a .  General  Description 

The  afterburner  for  the  STJ227  turbojet  engine  consists  of  a  diffusing 
section,  a  combustion  section,  a  fuel  distribution  and  flameholder 
system,  and  a  variable  area  exhaust  nozzle.  This  assembly  is 
bolted  to  the  rear  flange  of  the  outer  turbine  exhaust  case. 

The  diffusing  section  contains  an  inner  cone  and  an  outer  diffuser  case, 
and  provides  an  efficient  transition  from  an  annulus  to  a  single  full¬ 
flowing  cylinder  by  increasing  the  duct  cross  sectional  area  at  a  modest 
diffusion  rate.  The  inner  cone  and  heatshield  bolt  directly  to  the  rear 
flange  of  the  inner  turbine  exhaust  case.  The  outer  diffuser  case  is 
also  slightly  conical  and  includes  the  ejector  mount  ring.  The  case 
has  installation  provisions  for  the  streamlined  sprayrings  and  integral 
flameholder s ,  the  igniter,  and  the  fuel  drain  plug. 

.'he  aft  two  structural  cases  of  the  afterburner  form  the  combustion 
section.  The  cases  are  protected  by  an  axially- segmented,  corrugated, 
nonstructural  liner  with  a  heatshield  cooled  convectively  by  turbine 
exhaust  gas  flowing  between  the  liner  and  the  heatshield. 

The  use  of  a  close-coupled  fuel  distribution  and  flameholder  system  is 
made  possible  by  the  high  gas  stream  temperature,  which  provides 
good  combustion  efficiency  in  a  short  burning  length  and  allows  flame¬ 
holding  from  integral  sprayrings  and  flamehoiders .  Five  combination 
sprayring/flameholder  rings  inclined  aft  are  used.  For  high  augmenta¬ 
tion  fuel  is  injected  from  four  streamlined  sprayrings  located  immediately 
upstream  of  the  integral  units.  External  fuel  manifolds  feed  both  zones. 
Ignition  is  provided  by  an  electrically-ignited  torch  type  igniter  located 
upstream  of  the  fuel  system.  Successful  experience  with  catalytic  ig¬ 
nition  has  been  obtained  in  the  JT11D-20  engine,  and  this  will  be  con¬ 
sidered  as  an  alternative  ignition  source. 

The  variable  area  exhaust  nozzle  consists  of  a  series  of  flap  segments 
hinged  from  a  supporting  ring  attached  to  the  afterburner  outer  rear 
case.  The  flaps  are  operated  by  a  bellcrank  linkage  system  with  a  unison 
ring  to  ensure  synchronization.  The  unison  ring  is  actuated  by  eight 
hydraulic  cylinders  shown  in  Figure  2B-61.  Cooling  air  from  the  liner 
discharge  is  directed  at  the  nozzle  flaps  to  keep  them  from  overheating. 

A  sketch  of  the  afterburner  system  is  shown  in  Figure  2B-62). 
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h .  Physical  Structure  and  Materials 

One  of  the  most  important  aspects  of  any  >fterourner  the  fuel  distri¬ 
bution  and  flameholder  system .  Experien  on  the  JT 1  ID- 20  engine  has 
shown  that  a  reversed  slope  system  has  several  advantages.  By  angling 
the  sprayrings  and  integral  flameholder  rings  aft  into  the  expanding  dif¬ 
fuser,  a  greater  effective  area  results.  This  reduces  the  pressure  drop 
across  the  system.  Furthermore,  the  air  is  guided  into  the  void  area 
behind  the  diffuser  cone  and  away  from  the  liner.  This  system  has 
demonstrated  stable  efficient  combustion. 

Fuel  is  introduced  into  the  combustion  chamber  through  two  separately 
fed  zones.  Since  this  engine  is  being  designed  for  long-life  operation, 
fixed  area  orifices  are  being  used  at  the  present  time.  However  a  design 
study  is  in  progress  to  investigate  the  possibility  of  using  variable  geometry 
sprayrings.  The  high  overall  turndown  fuel  flow  ratio  makes  it  necessary 
to  utilize  a  staged  fuel  system  with  either  type  of  orifice.  For  lightoff 
and  partial  thrust  augmentation,  fuel  is  injected  from  the  close-coupled 
zone.  Structurally,  each  of  the  five  rings  in  this  zone  consists  of  a 
circumferential  fuel  tube  enclosed  by  a  V-gutter.  Five  equally  spaced 
external  trunks  feed  each  of  these  rings  individually.  The  streamlined 
heatshielded  sprayrings  which  form  Zone  II  are  supplied  fuel  by  five  radial 
external  trunks.  The  trunks  which  feed  each  zone  act  as  support  struts  for 
th.e  other  zone. 

To  handle  the  high  pressure  (850  psi  max)  in  the  fuel  system,  Waspaloy 
(AMS  5706  and  AMS  5544),  a  high  strength-to-density  ratio  material,  is 
being  used.  Pratt  &  Whitney  Aircraft  experience  has  shown  that  for  the 
support  structure  L-605  (AMS  5537  and  AMS  5759)  is  superior  because 
of  its  stiffness  and  creep  strength.  Since  this  material  resists  buckling, 
it  can  better  withstand  the  thermal  stresses  in  the  flameholder  rings 
associated  with  gradients  produced  by  the  attached  flame.  The  Zone  II 
spraybar  heatshielding  is  made  of  Hastelloy  X  (AMS  5536  and  AMS  5754) 
which  has  been  proven  by  test  experience  on  the  JT11D-20. 

The  four  sections  of  the  afterburner  liner  are  the  fuel  baffle,  the  double- 
walled  segmented  front  section,  the  double-walled  segmented  rear  section, 
and  the  double-walled  conical  ramp  section. 

The  fuel  baffle  forms  the  forward  section  of  the  liner  and  prevents  fuel 
from  entering  the  cooling  flow  annular  area.  A  cross  section  of  the  liner 
front  and  rear  segmented  section  shows  a  series  of  valleys  and  arches 
(Figure  2B-62).  These  valleys  are  beneficial  for  screech  suppression. 

The  forward  section  absorbs  the  periodic  combustion  energy  fluctuations 
and  prevents  random  pressure  fluctuations  from  developing  into  cyclic 
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vibrations  of  large  amplitudes.  The  ramp  section,  which  directs  cooling 
air  at  the  nozzle  flaps,  is  bracketed  to  the  case  at  the  front  end  and 
guided  by  bumpers  at  the  rear. 

The  liner  is  to  be  constructed  of  TD  nickel  because  of  its  ability  to  with¬ 
stand  temperatures  at  or  above  2000*F  for  long  periods  of  time.  Hastelloy 
X  (AMS  5536  and  AMS  5754)  is  used  for  the  less  severely  heated  heat- 
shield  and  the  fuel  baffle  because  of  low  cost  and  successful  experience 
with  this  material  in  similar  applications. 

The  diffuser  cone  is  made  from  Hastelloy  X  (AMS  5536  and  AMS  5754) 
and  consists  of  a  forged  flange  welded  to  a  sheet  metal  cone  with  a  stif¬ 
fening  ring  at  the  rear  end.  The  diffuser  overall  area  ratio  is  1.50  and 
the  equivalent  conical  angle  is  9.5*.  These  parameters  are  determined 
by  the  slope  and  length  of  the  cone.  The  diffuser  cone  is  shaped  to  ac¬ 
count  for  the  extra  diffusion  of  the  exit  guide  vanes  and  the  blockage  of 
the  fuel  distribution  and  flameholder  system. 

The  afterburner  case  consists  of  the  diffuser  case  and  a  two-section 
combustion  chamber  case.  These  cases  contain  the  turbine  exhaust 
gases  and  the  afterburner  combustion  products.  As  they  are  the  most 
highly  stressed,  the  cases  are  made  from  Waspaloy  (AMS  5706  and  AMS 
5544).  Similar  usage  on  the  JT11D-20  has  shown  Waspaloy  to  be  parti¬ 
cularly  suited  to  this  application.  The  diffuser  case  is  conical  in  shape 
and  the  two  combustion  chambers  are  cylindrical;  each  of  the  cases 
fastens  to  the  adjacent  sections  at  flanges. 

The  afterburner  nozzle  controls  rotor  speed  by  varying  the  nozzle  area 
from  7.0  to  12.7  sq.  ft.  Nozzle  areas  are  scheduled  by  the  afterburner 
fuel  control  as  a  function  of  engine  inlet  temperature  and  pressure.  The 
nozzle  is  octagonal  in  shape  and  consists  of  an  assembly  of  eight  flap 
type  segments  with  eight  interspaced  seals.  The  flap  segments  and  seals 
are  cast  of  a  corrosion-and  heat-resistant  nickel-base  alloy  (IN  100). 
Stiffening  ribs  are  cast  on  the  back  side  of  both  the  flaps  and  the  seals. 

The  flaps  and  seals  are  attached  to  the  afterburner  rear  combustion 
chamber  case  and  may  be  individually  removed  for  inspection  or  re¬ 
placement  (Figure  2B-61). 

A  "slave"  link  is  attached  to  the  rear  of  the  main  flaps  on  the  same  axis 
as  the  seals.  The  "slave"  link  is  forged  from  a  nickel-base  alloy.  Cam 
follower  rollers  mounted  on  the  "slave"  link  fit  into  a  mating  channel  track 
located  on  the  outer  3dge  of  each  flap.  As  the  "slave"  link  is  actuated,  the 
rollers  transfer  the  force  into  each  of  the  two  adjacent  flaps.  The  geometry 
of  the  flaps  and  "slave"  link  is  such  that  the  cam  follower  rolls  in  the  crack 
and  maintains  line  contact  at  the  mating  surfaces. 


PAOE  NO.  2B-67 

CONFIDENTIAL 


11  lit'  y  AlMCMAf  f 


CONFIDENTIAL 


PWA-2600 


The  "slave"  link  and  seal  segments  are  pinned  on  the  same  axis.  The 
seals  are  then  free  to  rest  on  the  front  face  of  the  flaps  and  to  provide 
the  sealing  surface  at  the  corner  of  the  octagonally  shaped  nozzle. 

The  seal  is  positioned  by  the  pin  at  the  base  and  also  by  a  tab-shot  ar¬ 
rangement  located  on  the  "slave"  link.  This  system  allows  the  seal 
enough  freedom  to  adjust  to  any  alignment  irregularities  between  ad¬ 
jacent  flaps.  The  tab-slot  system  also  keeps  the  seal  from  falling  for¬ 
ward  during  nozzle  operation  when  the  engine  is  not  operating.  During 
normal  engine  operation  the  gas  stream  flowing  through  the  nozzle  forces 
the  seal  against  the  flaps.  This  "slave"  link-flap  system  also  synchronizes 
all  eight  flaps . 

The  "slave"  link  is  connected  to  the  bellcrank  by  a  forged  connecting  rod. 
This  link  is  forged  from  a  nickel-based  alloy  with  a  threaded  clevis  on 
one  end  to  provide  the  necessary  adjustment  during  assembly. 

The  bellcrank  is  pivoted  on  a  mount  pad  located  on  the  inside  of  each  of 
the  eight  struts.  These  eight  struts  are  trapezoidal-shaped  with  a  slot  cut 
in  the  inboard  face  to  allow  clearance  for  the  bellcrank  and  connecting 
rod.  Since  the  bellcrank  linkage  is  located  on  the  inside  of  the  strut, 
access  holes  are  provided  on  the  sides  of  each  of  the  struts  for  assembly. 

The  bellcrank  is  actuated  by  a  link  connected  to  the  unison  ring.  The 
unison  ring  is  fabricated  from  sheet  metal  with  stiffeners  added  with 
adjustable  cam  followers  mounted  on  these  9tiffeners.  The  rollers  are 
guided  by  tracks  which  are  integral  parts  of  the  struts.  The  ring  is 
positioned  between  the  struts  and  the  O.D.  afterburner.  Eight  equally 
spaced  arms  extend  radially  from  the  unison  ring  into  the  center  of  each 
strut.  Tierods  extend  rearward  from  the  radial  arms,  connecting  the 
unison  ring  with  the  bellcrank,  and  forward  to  the  hydraulic  actuator. 

Slots  are  cut  in  the  struts  to  allow  proper  clearance.  The  advantage  of 
this  system  is  that  normal  actuator  loads  are  not  transmitted  through 
the  unison  ring.  The  ring  is  loaded  only  in  the  event  of  an  actuator 
failure.  Any  unbalanced  loads  are  then  transmitted  through  the  unison 
ring. 

Eight  actuators  utilizing  JT 1  ID-20  .design  expf  -ience  are  mounted  on 
the  forward  face  of  the  mount  ring.  Under  normal  cruise  conditions 
all  linkages  of  the  nozzle  except  the  "slave'Tink  connecting  rod  are  loaded 
in  tension.  This  eliminates  the  buckling  problem  normally  found  in  the 
tierods . 

Engine  experience  gained  on  the  JT11D-20  has  shown  that  the  IN  100 
material  chosen  for  the  flaps  can  withstand  the  temperature  environment 
in  the  STJ227  afterburner. 
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c •  Z e  1  ri P c r aj- urns  a nd  Stress  Levels 

The  temper  alu  vee  of  the  afterburner  structural  components  are  regulated 
to  obtain  a  minimum  weight  design-  Structural  temperature  control  is 
achieved  by  utilizing  turbine  exhaust  air  for  cooling  and  by  metal  heat¬ 
shielding.  Available  materials;  determine  temperature  limits. 

The  optimum  combined  weight  of  the  cases  and  the  liner  cooling  system 
occurs  with  a  maximum  case  temperature  of  1400°F.  Additional  cooling 
results  in  slight  increases  in  case  strength  with  undesirable  increases 
in  heatshielding  weight. 

The  segmented  liner  configuration  chosen  (Figure  2B-62)  provides  a 
liner  and  cases  which  are  subjected  only  to  low  tensile  loads,  resulting 
in  a  lightweight  design.  Using  the  cooling  air  available  (5%  of  turbine 
exhaust  gas)  and  keeping  the  case  temperature  at  a  maximum  of  1400  °F, 
cine  resulting  temperature  of  the  liner  is  2000 °F  and  that  of  the  heat- 
shield  is  l600°F.  Further  cooling  of  the  liner  provides  no  weight,  ad¬ 
vantage,  as  liner  thickness  is  limited  by  manufacturing.  Increasing 
the  amount  of  turbine  exhaust  air  used  for  cooling  results  in  a  performance 
loss  associated  with  increasing  the  amount  of  unburned  air,  The  area 
between  the  heatshield  and  the  combustion  chamber  case  is  vented  to  the 
turbine  exit  pressure  but  has  no  flow.  This  cooling  method  results  in 
temperatures  that  permit  the  use  of  existing  high  temperature  materials, 

Operating  temperatures  of  the  nozzle  flaps  are  controlled  by  convectively 
cooling  the  flaps  with  the  liner  cooling  flow.  Allowable  flap  temperatures 
in  the  range  of  1000 °F  were  considered  in  choosing  the  amount  of  cooling 
air  flow  for  the  system. 

Maximum  loading  of  afterburner  components  occurs  at  sea  level  take-off 
whon  maximum  flow  and  maximum  internal  pressures  occur.  For  this 
reason,  most  afterburner  components  are  limited  at  sea  level  take-off 
and  must  have  a  design  life  at  these  conditions  equal  to  tho  expected  sea 
level  take-off  operating  time  in  10,000  hours  engine  lifo, 

cl ,  Aftorburner  Flap  Loads 

Tho  nozzle  area  Is  controlled  by  an  actuator  system  that  is  tied  into 
the  fuel  control,  The  forces  necessary  to  control  the  flap  areas  are 
determined  primarily  by  the  main  gas  stream  loading  on  the  flaps. 

To  calculate  those  loads  the  flap  is  first  segmented  into  a  series  of 
increments,  and  a  static  pressure  profile  is  established  using  isentropic 
relationships  as  a  function  of  the  total  gas  stream  pressure  and  the  cross 
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section  area  ratio  between  the  increment  location  and  the  throat.  The 
incremental  load  (Fn)  is  found  by  using  a  ring  area  based  upon  the  incre¬ 
mental  width  and  the  radius  to  the  increment.  The  flap  load  calculation 
is  shown  in.  Figure  2B-63.  Momenta  are  then  summated  about  the  center 
of  the  flap  hinge  (0)  and  set  to  equilibrium:  =  J^F^D^  -  F^  =  0. 

This  establishes  the  reaction  load  (Fr)  at  the  point  of  contact  with  the 
flap  actuator  roller.  This  roller  load  is  then  used  to  calculate  the  re¬ 
quired  pressure  levels  in  the  flap  actuator  system. 

A  computer  program  has  been  written  that  takes  the  increments  of  the 
flap  and  integrates  the  pressure  profile  and  its  corresponding  load. 

Using  this  integrated  pressure  load  exerted  by  the  gas  stream,  the 
program  then  solves  for  the  resultant  force  that  determines  the 
actuator  force  system. 

All  of  these  procedures  have  been  established  neglecting  friction  in 
the  system.  The  values  of  friction  can  be  determined  only  by  testing. 

The  flap  is  held  stationary  by  a  combination  of  actuator  and  friction 
forces,  which  are  always  in  the  direction  opposing  motion.  To  move 
the  flap  in  a  direction  opposite  to  the  natural  movement,  the  flap 
actuator  must  overcome  this  friction  force.  After  an  equilibrium 
point  is  established  the  actuator  stabilizes  at  a  new  load  level.  By 
running  a  transient  test,  observing  the  load  level  of  the  actuator 
system,  and  comparing  to  steady- state  load  levels,  the  friction 
forces  can  be  determined.  These  friction  forces  can  be  incorporated 
into  the  flap  loads  and  their  corresponding  actuator  load  requirements. 

The  JT11D-20  afterburner  flap  systems  have  been  tested  for  both 
transient  conditions  (i.e,,  opening  and  closing  the  nozzle  flaps)  and 
steady-state  conditions.  Data  obtained  substantiated  both  gas  stream 
loading  calculation  procedures  and  friction  force  estimates  at  these 
conditions.  These  data  have  been  obtained  by  inserting  pressure  taps 
into  the  actuator  system,  measuring  pressure  levels  necessary  for 
actual  operation,  instrumenting  the  actuator  arms  with  strain-gapes, 
and  measuring  the  deflection  loads  being  transmitted  to  the  flaps. 

Design  conditions  and  operating  stress  levels  are  summarized  below. 
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9.  OCTAGONAL  BLOW-IN  DOOR  EJECTOR-REVERSER 

a.  General  Description 

Design  studies  of  various  types  of  ejectors  during  Phase  I  and  Phase  II 
have  resulted  in  a  new  lightweight,  simplified  ejector  configuration. 
This  configuration,  based  on  extensive  wind  tunnel  testing  and  com¬ 
bining  the  best  mechanical  features  of  previous  ejector  designs, 
meets  the  stringent  aerodynamic  requirements  of  a  subsonic  and 
supersonic  ejector  while  incorporating  an  efficient  and  flexible  reverser 
system,  A  schematic  drawing  of  the  ejector-reverser  system  is 
presented  in  Figure  2B-64. 

b.  Configuration 

(1)  General 


The  ejector,  as  shown  in  Figure  2B-65,  is  a  regular  polygon,  rounded 
at  the  corners.  For  this  study  we  chose  eight  sides.  However,  if 
future  studies  are  required,  the  ejector  could  have  as  many  as  sixteen 
sides  and  still  retain  the  inherent  design  features.  The  ejector  con¬ 
sists  of  two  main  parts,  the  fixed  structure  and  the  translating  shpoud. 
The  fixed  structure  contains  the  blow-in  doors,  actuation  system, 
and  reverser  cascades.  The  translating  shroud  contains  the  reverser 
doors,  outer  skin,  and  trailing  edge  flaps. 

(2)  Support  Structure 

Eight  crossbraced  struts  form  a  stationary  framework  to  support  the 
ejector-reverser  assembly.  Each  strut  is  trapezoidal  in  cross  section 
and  occupies  10°  of  circumference,  Lips  on  the  outer  edges  of  the 
struts  provide  support  and  sealing  for  the  blow-in  doors  (Refer  to 
Figure  2B-65).  Additional  intermediate  seals  between  adjacent  doors 
provide  a  "double  seal"  configuration  at  cruise  conditions.  These 
lips  and  seals  add  1 0  of  additional  blockage  to  tertiary  airflow  area, 
making  a  total  circumferential  blockage  of  88°,  This  is  a  reduction 
of  some  20°  from  models  tested  during  Phase  I. 


(3)  Blow-In  Doors 

Eight  free-floating  double-hinged  blow -In  doors  are  hinged  to  the 
support  structure  at  their  leading  edge  and  are  supported  by  the  struts, 
"In"  stops  are  provided  to  limit  door  travel  and  to  provide  the  correct 
contour  for  blow-in  flow.  At  the  maximum  "in"  position,  the  doors 
"tuck"  behind  the  afterburner  nozzle  hinge  plane,  providing  a  smooth 
flow  passage  into  tha  ejector  throat. 
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(4)  Actuation  System 

The  actuation  system  for  the  shroud  translation  and  reverser  door 
operation  consists  of  four  2-position  hydraulic  actuators  mounted 
internally  in  alternate  struts.  This  feature  of  the  STJ227  is  shown 
in  Figure  2B-66.  The  rod  end  of  each  actuator  is  connected  to  the 
translating  shroud  support  structure. 

(5)  Reverser  Cascades 

Reverser  cascades  are  mounted  between  the  support  struts  immediately 
behind  the  trailing  edge  of  the  blow-in  doors.  Each  airframe  installa¬ 
tion,  as  shown  in  Figure  2B-67,  has  different  reverse  targeting 
patterns.  These  patterns  are  preliminary  and  can  be  easily  revised 
to  suit  final  airframe  requirements,  The  space  between  struts  is 
blocked  where  reversal  is  prohibited.  As  shown  in  the  Boeing  con¬ 
figuration  (Figure  2B-67,  reverse  flow  can  be  directed  at  an  angle, 
or  normal  to  the  flat  sides  of  the  ejector  as  desired. 

(6)  Translating  Shroud 

The  translating  shroud  forms  the  inner  contour  of  the  ejector.  As 
shown  in  Figure  2B-66,  the  shroud  consists  of  eight  struts  which  connect 
the  front  ring  to  the  rear  support  ring  forming  a  movable  shroud  frame¬ 
work.  The  reverser  doors  are  pivoted  on  the  sides  of  the  struts, 
while  the  outer  skin  and  trailing  edge  flaps  are  mounted  on  the  rear 
support  ring.  The  entire  movable  structure  is  mounted  on  roller 
supports,  as  shown  in  Figure  2B-65,  and  guided  in  tracks  on  the  fixed 
struts. 


(7)  Reverser  Doors 

As  shown  in  Figure  2B-67),four  large  reverser  doors  comprise 
approximately  75%  of  the  blocked  area  and  four  small  triangular  doors 
make  up  the  remaining  25%.  This  configuration  has  three  inherent 
advantages.  Structurally,  the  major  reverser  loads  are  transmitted 
to  the  octagonal  structure  normal  to  each  alternate  side  at  the  struts, 
eliminating  bending  loads  in  the  end  frame.  Aerodynamically,  this 
configuration  allows  null-thrust  operation  by  blocking  a  portion  of 
the  flow  with  the  large  doors,  while  the  small  doors  can  remain  open 
allowing  normal  flow  to  counterbalance  the  blocked  reverse  flow. 
Mechanically,  this  configuration  allows  the  large  doors  to  be  rotated 
into  position  before  the  small  doors  complete  the  flow  blockage, 
thereby  reducing  actuator  forces. 
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(8)  Outer  Skin 

The  outer  skin  "seals”  the  ejector  at  cruise  and  provides  a  smooth 
cover  for  the  reverser  cascades.  The  skin  is  connected  to  the  rear 
support  ring  of  the  movable  shroud  and  is  supported  from  the  fixed 
struts  by  four  rollers  at  each  of  the  eight  corners. 


c.  Operation 
{ 1)  Forward  Flight 

For  all  forward  flight  conditions,  the  ejector  is  actuated  aerodynamically. 
During  the  subsonic  portion  of  the  flight  profile,  the  blow-in  doors  are 
"in"  and  the  trailing  edge  flaps  "close"  providing  a  convergent  nozzle 
configuration.  At  supersonic  conditions,  the  blow-in  doors  close  and 
the  trailing  edge  flaps  open  to  form  a  divergent  nozzle  configuration, 

(2)  Subsonic  Reversing 

For  reversing  during  "on-the-ground"  or  subsonic  operation,  the 
actuators  translate  the  shroud  aft,  exposing  the  reverser  cascades. 

As  the  translation  progresses  the  reverser  door  links,  which  were 
previously  held  in  a  locked  position,  "bottom  out"  at  the  rear  of  the 
fixed  structure.  As  the  shroud  continues  translating  aft,  the  door 
links  start  rotating  the  large  reverser  doors  into  the  engine  flow 
stream.  At  the  last  portion  of  the  translation,  door  links  on  the  sma’l 
triangular  doors  also  "bottom-out,  "  i-otating  the  small  doors  into  the 
engine  flow  stream.  This  completes  blockage  and  establishes  full 
reverse  flow. 


At  the  start  c£  the  subsonic  reverse  cycle,  the  blow-in  doors  are  "in". 
As  the  large  reverser  doors  enter  the  air  stream,  the  ejector 
"pumping  action"  is  spoiled  and  secondary  flow  pressure  from  the 
inlet  closes  the  blow-in  doors.  Flapper  valves  in  the  secondary  air 
passage  immediately  upstream  of  the  blow-in  doors  close  as  soon  as 
ejector  pressure  rises  above  inlet  pressure  prior  to  reversing.  This 
prevents  hot  reverser  gases  from  flowing  forward  into  the  control 
compartment  or  engine  inlet.  On  the  Lockheed  installation,  these 
valves  are  mounted  between  the  nacelle  and  the  afterburner  duct.  On 
the  Boeing  installation,  they  are  mounted  integrally  in  the  secondary 
air  bypass  ducts.  In  both  cases  the  valves  are  free-floating  and  close 
only  during  reverse  pressure  corditions. 
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(3)  Supersonic  Reversing 

For  reversing  during  supersonic  flight  conditions,  the  game  sequence 
takes  place  except  t-he  blow-in  doors  are  already  dosed,  Therefore, 
only  the  secondary  flow  flapper  valves  would  close  on  complete 
reversal. 

(4)  Mull-Thrust 

A  null -thrust  condition  can  be  achieved  by  replacing  the  2-position 
actuator  with  a  3-positlon  or  variable  position  actuator.  Since  tha 
large  rover aor  doors  can  bo  rotated  into  p'-eition  before  the  small 
doors  close,  a  scheduled  position  for  the  shroud  could  achieve  null- 
thrust.  As  before,  the  portion  of  the  flow  rover  god  would  automatically 
close  the  blow-in  doors  and  flapper  valves,  The  translating  shroud 
would  move  aft  only  a  portion  of  its  full  travel,  In  this  same  configura¬ 
tion  with  a  variable  actuator,  u,  full  range  of  reverse  thrust  could  be 
achieved  without  changing  the  engine  power  setting,  This  would  require 
an  additional  lever  in  the  cockpit  such  as  that  represented  by  tho  cut¬ 
off  lovor  with  modulation  capability  as  proposed  in  Phase  I, 

(5)  Fail-Safe  Feature 

At  all  times,  the  roverser  system  is  fully  synchronized  duo  to  the 
"synchronizing  ring"  effect  of  tho  shroud  framework,  Tho  reversal’ 
system  is  designed  "fail-safe"  by  locating  tho  door  links  slightly  below 
the  center  of  pressure.  If  complete  hydraulic  failure  occurs,  tho 
I’flvfli’Hfli1  doors  fold  down  out  of  the  main  engine  stream.  As  the 
ejector  regains  Us  "pumping  action"  the  trailing  edge  flapB  close,  and 
forward  thrust  io  exerted  by  tho  differential  pressure  across  the  flaps, 
driving  tho  shroud  forward  into  the  forward  flight  condition.  At 
supersonic  conditions,  if  failure  occurs  during  reveres  .  the  shroud 
would  move  ft  portion  of  tho  translation  forward,  and  th<  ejector 
performance  would  be  reduced  until  subsonic  flight  conditions  are 
reached,  At  that  point  the  shroud  would  move  full  forward  and  the 
ejector  would  perform  as  In  normal  forward  flight. 

d ,  P hysleal  Struc t uro  and  Ma te rials 

(1)  Fixed  Support  Structure 

The  eight  fixed  struts  nre  hollow,  trapezoidal  in  slmpc,  and  fabricated 
from  sheet  Waapaloy  (AMS  5544).  The  inner  face  has  a  forged 
"Jftspaloy  track  the  full  length  of  the  shroud  framework.  The  tracks 
are  machined  after  complete  assembly  to  assure  alignment  with  the 
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movable  shroud  structure  rollers.  Tile  eighl  struts  are  welded  ns  a 
mill  in  a  rear  Wnapaloy  channel,  which  fnrmw  an  m  lagnnnl  fr/niip, 

C roas-brac  inn  rod «  urn  located  between  rn<  h  of  the  struts,  forming 
n  braced  slructura  from  ilia  rear  channel  frame  forward  in  a  point 
in  a  I  aft  of  the  tral  Him  edge  of  the  blow-in  doors,  These  rods  are  |iip< 

Ion  rind  and  wo  hind  In  (he  slrulu.  Tin1  slruls  Ilian  t  mil  I  Invar  I'ni-wnnl 
from  l 111 n  structure  and  terminate  at  ha)!  Joint  connections  on  the 
afterburner  dint  ejector  mount  ring,  This  cantilever  feature  per  ml  (a 
thermal  Incompatibility  between  the  ejector  and  the  afterburner  duct, 

The  ball  joint  connections  eliminate  bending  loads  at  ihe  mount  plane, 

Tills  allows  Llm  atruta  |o  become  simple  i.6nsiori-cdmpre<*siQM  members, 

Each  strut  on  shown  in  IHgure  2B*6§ha»  an  intermediate  neal  an  II  s 
oilier  face  in  the  area  of  t he  blow-in  doors,  Besides  providing  an 
additional  seal  for  the  blow-in  doors,  this  seal  assures  ilia t  the  entire 
s l r ill  Ih  eeflled  wllliln  the  secondary  flow  path,  eliminating  thermal 
gradients  across  (lie  strul. 

On  ihe  tan i'  of  the  fixed  structure,  st  each  side  of  each  strut,  truths 
are  provided  for  bolding  the  reversor  door  Units  in  a  locked  pen*  1 1  Ion, 

A  (Hop  Is  ftlrio  provided  at  t|ie  extreme  end  lo  lock  the  links  In  position 
for  reversing, 

Provisions  for  Internally  mounting  the  reversal'  actuators  In  alternate 
struts  are  incorporated.  The  forward  portion  of  each  strut  has 
provisions  for  the  actuation  system  for  the  variable  afterburner  nor.rle, 

(2)  Blow -In  Doors 

The  eight  blowdn  doom  are  flat  panel  double  sheet  honeycomb  eon- 
Btruclion,  The  forward  half  of  each  door  hag  forged  hiiij,  s «  to  .  mmu«  i 
with  the  struts,  The  rear  half  of  oaeh  blow-in  door  l*  hinged  ;n  Ihe 
front  1ml f  and  hau  trailing  edge  stiffenin'  sections,  ,\r  n  door  is 
designed  ay  a  flat  plate  under  uniform  pressure,  simply  supported 
along  two  Hidefl,  The  highest  pressure  load  aerooo  the  doors  oc*  uro 
during  "on-the-ground"  reversal  when  tompemiuren  are  not  severe, 

At  cruise  conditions  the  differential  pressure  is  20%  of  maximum 
reversal  preseuro.  This  allows  the  doors  to  be  designed  yield-limited 
at  low  toinperalni'OH,  Titanium  honeyromb  constmi  I  Ion  is  need  for 
nil  blow-in  doom, 

(3)  Reverse, r  Cascados 

The  reversal-  caiicadee  are  mounted  between  the  fixed  struts  Immediately 
aft  of  the  trailing  edge  of  Hie  blow-in  doors,  In  areas  where  reversing 
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Is  pi'ohtl •  kind ,  lidnoyi  qml)  panel  nt  cltona  replace  (lie  i  .ib<  ndi  b.  |  he 
lending  edge  of  each  <  » /»<  ade  for  mu  the  miter  portion  of  the  I, low-in 
flow  ramp  to  the  ejector  throe, t,  The  trailing  edge  Of  mi  !l  cast  rtde 
forme  a  smooth  tamp  with  Lhe  movable  shroud  front  ramp  when  trans¬ 
lated  III  reverse  position,  He  l  Ween  the  front  and  rent  face  n  ■  n  r  1 1!  it 
of  air  |f Hide  Vanee  direct  reverse  fli  w  to  precise  targeting  ie-|ulre. 
menls,  foil  It  t  nsi  ade  or  panel  section  is  a  complete  nit  i o  !ur«,  and 
Ijolts  to  the  sides  uf  the  fitted  struts,  Construction  wilt  he  full  rinded 
sheet  metal  Wnspaloy  (AMS  9«M-|)  for  the  cascndiis,  and  Wnupaloy  honey¬ 
comb  paneling  for  lhe  blocked  portions, 

(A )  Actuators 

Potir  hydranllr  A  -  position  actuators  are  mounted  Internally  in 
nlle  mate  fixed  fltruts  with  the  rod  end  Conner  tec]  to  lies  movable  shroud 
t'unr  support  ring,  These  Struts  provide  a  cooling  at  if  passage  and 
heal  shield  for  the  actuators,  The  actuators  ore  fabricated  primarily 
of  I'M  PH  StAlnioss  steel  (AMS  56'U)  to  provide  the  proper  strength 
and  weft i'  ,  iiaj'ficteil stlc e,  Fuel,  coolatl  by  a  continuous  recirculation 
system,  Is  supplied  Ip  the  cylinders  from  the  reverser  control, 

Mealing  is  accomplished  by  a  A  section  shaft  seal  with  a  drain  between 
the  sections,  I  he  seal  housing  is  deuigned  such  that  rer  jrculatlhg  fuel 
protects  the  seals  from  high  temperatures,  The  seals  are  prole,  led 
tr,,m  contaminants  by  the  <  nsi  |roM  bushing  in  wliUlt  the  shaft  rides 
The  bushing  has  two  grooves  m  (rap  t  unUminants,  lhe  actuator 
cylliulei's  and  seal  hnuelnga  are  designed  (o  withstand  fluid  present  o 
surges, 


(9)  Translating  Shroud 


rl  Ho  I  !‘rt  116 lal  | rtg  shroud  consluls  of  a  movable  shroud  {  rami' wo|  h  ami 
a  liner,  The  framework  consists  of  eight  struts  unnucUrig  the  f  r  j  n* 
support  ring  with  the  rear  support  ring,  Between  each  strut,  in  the 
areas  not  occupied  by  reverser  floors,  itHureonnaetmg  ribs  pruvldr 
uupport  for  the  liner,  All  struts  and  the  front  ring  are  fabricated 
Waejmloy  hollow  beam  sections,  The  rear  support  ring  is  formed 
and  fabricated  from  Wuspaloy  sheet,  I'nrged  Waspaloy  bosses,  as 
shown  i n  I*  ign r a  A R  =  69 ,  are  w el d ed  on  the  sides  o(  each  s I  rut  to  pro 
vo|o  pivot  points  for  the  r a v e i1  ■  *< r  door  hinges,  and  on  the  outer  faces 
to  provide  mountings  fur  the  support  rollers.  The  entire  structure  then 
forms  a  rigid  frumowark  for  the  reverser  floors,  liner,  outer  shin. 
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movable  si  nu  I  u re , 
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specifically  dp* l glint)  1 1 j  withstand  intermittent  shock,  high  static  loads, 
and  high  I  e  nipt* ratnre*,  The  roll rr  |g  designed  lo  npcrnip  wlllnnit  luh- 
rirnlion,  and  ihe  races  n  net  rollers  a  l'p  fabricated  <  jf  Wn  spaloy ,  Thin 
lypp  of  rnllo r  huo  been  used  Huccnsnfully  mi  llin  afterburner  flaps  nml 
synrhrnnl/.at.on  ring  for  the  .IT)  1)3-20  piigiiic.  All  rollers  are  mounted 
radially  lit  maintain  alignment  of  (hr  ejector  whl|p  pernnlllng  llinrmtil 
iik  ompn!  Ibil  ity  during  transients, 

'J )  ■■  I inc-r  forming  lh«<  innpr  contour  of  Hip  t'jeclur  ihroAl  consisty  of 
16  s  lioiiH,  Ivseh  fliil  Side  of  the  octagon  in  a  se|iaJ‘ale  sheet  riveted 
to  llin  y !  I'mid  support  structure*  lo  allow  for  thermal  expansion.  Eftt  ii 
corner  ol  (he  oelAjjnn  Is  a  separate  seal  section,  supported  from  Ihe 
movable  strips,  sealing  nlTier  to  (he  liner  or  the  t'evei'ser  doom,  This 
coiisUuf lion  allows  (harms)  growth  of  llin  throat  withoul  radial  growth. 

The  correct  fl e rod y na m i r;  contour  over  Die  l  dl  exhaust  lempc  ralure 
range  is  (lie refo re  maintained.  T  ho  liner  shields  the  rigid  support 
structure  from  (lie  hot  exhaust  gases  and  redin  as  thermal  problem* 
on  Ihe  structure,  The  l Ilia r  suctions  are  imde  of  Maotnlloy  X 
(AMS  3336),  and  are  designed  for  easy  replacement  at  scheduled  over, 
haul  periods,  lowering  the  time  and  cost  of  overhaul, 

(6)  Revei'ser  Doors 

All  plglil  rev-irser  dont'c  (Ijtilh  shapes)  will  have  a  rigid  structural 
framework  supporting  a  lightweight  liner  similar  lu  Ihe  translating 
n hr oud,  As  shown  In  figure  2i3«66i  (Jie  support  structure  bridges 
between  the  sin  is,  and  Ihe  liner  seats  against  the  corner  seals  on 
the  movable  shroud.  At  the  door  structure  midpoint,  a  pair  of  door 
links  is  mounted  to  the  sides  of  the  #1  rurlure,  These  links  are  free 
to  plvol  In  the  structure  with  the  trailing  end  of  each  link  guided  In  8 
track  on  Ihe  aides  of  each  fixed  strut,  A  locking  rad  !»  provided  or. 
i he  movable  shroud  stride  to  Imid  die  link  in  (lie  locked  position  during 
Ihe  first  part  of  shroud  translation,  The  door  and  link  move  us  a  unit 
until  the  link  trailing  end  strikes  a  stop  41  llie  rear  of  the  fixed  structure, 

A  notch  in  the  fined  strut  track  allows  the  link  lo  drop  down  and  ilia 
movable  strip  locking  rail  passes  over  ihe  link  end,  This  holds  the 
link  In  position  for  pivoting  Hie  reversal' duut  n  into  position,  Tint  link 
Is  in  tension  while  the  doors  are  in  slowed  position,  This  removes  the 
loud  from  the  track  nr,  the  fixed  strut,  und  eliminates  n  dragging  rnn- 
ddlon  on  llie  link  end  during  ! ra nslst Ion  VVhen  Ihe  link  Indiums  into 
ilia  fond  «l  mo  lure,  il  rotates  in  a  socket  ao  the  reverser  dnora  open, 

I  I  e  io  initiation  of  drag  on  the  link  allows  the  use  of  n  solid  end  with¬ 
out  rollers,  bearings,  or  hushing*.  The  link  tl  lefj  becomes  a  i  ••iripr # s s ion 
ineiiiin, ,.  >:  doors  rotate  into  pus  it  ion  and  roach  a  maximum  loud  i  mi- 
dll  Ion  when  doors  arc?  full  open,  Approxlmat  ely  ')0%  of  the  revorser 
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lofld  lo  Li-ansmitfod  directly  to  the  fixed  etruclii'e  rear  framework. 

Am  wlrtlnd  earlier,  duo  i r  the  ilonr  configuration,  this  lou1  wi  applied 
normal  to  alici'nntti  aide*  of  the  rear  o<t;<pnnnJ  ring  at  the  Birut 
locflllnne,  I  hie  ellmlnaton  bonding  of  the  ring  due  to  punch  loads, 

The  remaining  reverner  load  in  I  lannniiMcd  to  Hie  door  hinge  pomi 
providing  u  forward  tlmial  component  on  the  itio  viblc  shr  nd  ir 
at  hlevr  the  "fail-safe"  feature,  AU  Unite  will  be  tolled  .Vaapaloy 
(PWA  1007),  The  door  alructur?  will  be  forged  Waopaloy  I-beam 
welded  Into  an  Integral  grid  construction,  This  iitruclure  Is  riveted 
to  niul  BupporiB  llio  door  Liner.  An  In  the  translating  shroud,  ail  door 
linern  are  designed  for  easy  replacement  nf  scheduled  wr rhnul « .  Liner 
eonslniction  will  be  formed  Hastelloy  X  sheet  (A MS  (55  56), 


I 

i 

I 

I 

1 
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(7)  Outer  Sltin 

i!  ■  titanium  outer  skin  coiitdate  of  a  anipyth  outer  sheet  reinforced 
by  a  corrugafod  inner  sheet.  Afl  shewn  In  Figure  213-6(5,  the  oktn 
shape  Is  octagonal  with  rounded  corners,  Tile  leading  "duo  is  a  forged 
ring,  and  the  trailing  edge  is  flanged  for  bolting  to  the  movable  shroud 
rear  support  ring,  At  four  locations  along  Us  length,  at  each  corner, 
the  outer  skin  lias  rollers  to  provide  support  and  stand-off  from  the 
fixed  Structure,  Each  roller  is  boiled  lo  tits  akin  and  !u  similar  in 
construction  to  the  translating  tihroud  tnipporl  rollers, 

(B)  Trailing  Edge  Flaps 

The  trailing  edge  flaps  are  of  two  basic  flliapes,  The  cornel'  flaps 
cover  ip  full  radius  and  extend  into  i|ie  flat  area  suff ic loutl y  to  over¬ 
lap  llio  flat  flaps,  The  flat  flaps  dovetail  into  the  corner  flaps,  This 
construction  allows  flat  eliding  surfaces  between  adjacent  flaps,  The 
hinge  ends  of  the  flans,  ««  shown  in  Figure  »R-66,  imvn  un  end  channel 
with  forged  hinge  pads,  Each  flap  lias  two  cUvIa  Join!  type  hinges,  one 
at  each  side  of  avery  flap  for  maximum  wheel  hose.  Sen)  plutos  bolted 
If?  llie  end  channels  provide  spring  euaU  for  the  binge  lino,  The  inuor 
nurfflcfl  of  each  flap  to  Nastclloy  X  ( AMM  5536)  sheet  construction 
aim  liar  to  the  shroud  liner,  the  outer  surface  j|  each  flap  is  Waapalny 
(AMS  55'H)  shoot  similar  to  the  Inner  surface,  Connecting  these  two 
surfflcflu  is  a  series  of  cur  ruga  lad  Waspaloy  shear  webs  running  the 
length  of  each  flap  anti  rivaled  alternately  at  cor eugul ions  to  the  inner 
and  outer  ohects,  Thlrt  cnnHlriictlun  provides  n  rigid  shape  for  the 
flaps,  bill  allows  the  inner  sbuoi  to  expand  relative  to  the  outer  shout, 
fh«  Inner  and  outer  sheeto  are  welded  to  the  hinge  channel  section 
but  thsy  a  I’d  separate  at  the  trailing  edge,  The  reBuliiog  aMMcmhly 
‘  “ns  tel  n  of  sixteen  large  flaps  with  no  loose  seal  plules,  Seal  surfai  un 
arc  flat  and  do  not  have  it*  mljuui  |q  changing  conlouru.  'The  lunge  lorn- 
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lien  nl  the  inside*  of  each  flap  allows  pressurizing  the  space  between 
l ho  shroud  end  support  and  flap  hinge  channel  with  secondary  air  pres 
sure.  The  high  secondary  air  pressure  lends  to  close  the  flaps.  This 
feature  can  be  utilized  to  prevent  overexpansinn  of  the  exhaust  gas  stream 
at  certain  flight  regions, 

n'  Q2E craturc  unf*  ‘t’lt‘t’an  Levels 

The  ejector  )b  designed  to  utilize  either  secondary  air  or  blow-in  door 
air  for  cooling  throughout  the  main  sir  ciure.  Maximum  temperatures 
will  be  al  supersonic  cruise  condition.,  With  a  secondary  air  temperature 
of  375 ‘F,  the  fixed  structure  blow- in  doors,  and  shroud  structure  area 
should  not  exceed  VOO^F,  During  reversing,  however,  a  portion  of  (lie 
fixed  struts  and  revorser  r/wioades  will  be  subjected  to  1200" F  airflow. 

The  structural  analynls  is  based  on  this  temperature  condition  and  stress” 
limited  to  design  allowable  yield,  The  liner  surface  of  the  shroud  and 
trailing  <ddgo  flaps  roach**  «  rriuxirmirn  temperature  of  approximately 
1690‘F  during  supersonic  acceleration  During  cruise  conditions  this 
maximum  condition  should  decrease  to  approximately  900"!",  Sirens 
analyses  wore  based  on  the  maximum  temperature  condition,  The  J,!nor, 
Ijslng  n  sortes  of  simply  supported  small  panels,  la  yield-limited  at  high 
temperature,  and  creep-limited  til  cruise.  Tm,  reverser  door  liner* 
receive  a  substantially  higher  pressure  during  rev  **lng,  and  are  yield- 
llmilarl  at  the  reversing  temperature  of  IZOO'F.-  Tim  blow-  in  doors  are 
yield-limited  at  the  reversing  pressure,  However,  since  no  flow  occurs 
over  the  doors  during  reversing,  the  temperature  is  reduced  to  H0<J“F, 

The  following  Lablo  summarizes  materials  and  design  limitation*  of 
the  components, 

MATERIAL  AND  DESIGN  LIMITATIONS 


Component 

Material 

f  *  1  nr* }  i  tl 

Translating  Structures 

W  a up « Joy 

C  V  V  £!  p 

Inner  Skin 

MwetoJloy  X 

Creep 

Outer  Skin 

Titanium 

Yield 

Floating  Flaps 

Waapoloy  and 
HasleHoy 

C  r  e  »  p 

Cftocades 

Waapnloy 

Yield 

Dlow-ln  Doors 

Titanium 

Yield 

Reverenr  Doors 

Wnepaloy  and 

Yield  or 

Mnslelloy  X 

Sires  a  Huplur 

Support  Structure 

W  aspaloy 

Duckling 

All  material i  where  slraas-llmlted,  will  be  in  accordance  with  design 
allowable  Hlresses  na  specified  in  the  PIiahu  1J-A  report, 
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10.  CANTED  ENGINE  CONFIGURATION 
a,  Lockheed 

Both  airframe  manufacture vh  have  requested  that  the  engine  he  bent  in 
ouch  a  way  that  the  aft  section  is  canted  downward.  Lockheed  has  requested 
approximately  a  4°  bend  in  order  to  give  a  downward  component  of 
thrust, 

The  bend  was  placed  in  the  area  Just  aft  of  the  turbine  exit  guide  vanes, 
and  upstream  of  the  afterburner  fuel  system  sprayringB.  Bending  in 
this  area  gives  a  long  straight  suction  between  the  bend  and  the  no  stale. 

Tills  allows  the  flow  unot  gh  distance  to  make  the  turn  to  the  desired 
angle.  Bending  upstream  of  the  afterburner  duct  and  no  stale,  urea  allows 
all  eight  nozzle  flaps,  the  nozzle  flap  actuators,  and  the  belle  rank 
systems  to  bo  identical. 

Certain  problems  exist  in  the  bent  engine  that  would  not  exist  if  it  were 
straight.  The  hot  gats  flow  muut  be  turned  by  the  liner  on  the  upper 
sid*'  of  the  engine.  This  results  In  increased  temperature  in  the  liner 
at  the  top  of  the  engine  and  a  colder  section  at  the  bottom.  The  hot 
section  can  bn  sufficiently  cooled  by  using  supplemental  cooling.  This 
is  accomplished  by  additional  cooling  air  quantity  or  velocity  to  In¬ 
crease  the  convective  cooling  locally.  Film  cooling  in  the  hot  section 
could  be  employed  as  an  alternative. 

With  the  bend  located  in  the  turbine  exit  guide  vane  area,  it  i»  in  an 
optimum  portion  of  the  duel  between  the  rear  engine  mount  and  the 
ejector  mount,  The  struts  are  straight  since  they  nro  aft  of  the  engine 
bend  plana. 

The  blow-in  doors  arc  built  into  the  njoclor  and  aro  not  part  of  the 
airframe.  All  eight  doors  are  identical  and  are  open  to  admit  tertiary 
air  to  the  ejector  during  subsonic  flight.  During  supersonic  flight  and 
subsonic  reversing,  the  doors  are  closed.  The  secondary  and  tertinry 
air  ramp  to  the  ejector  Is  Inclined  at  the  same  angle  to  tho  ejector  center- 
line  on  nil  eight  sides,  The  cant  of  the  engine  causes  a  drag  force  on 
the  bottom  blow-in  doors  and  a  reduced  outside  pressure  on  the  lop 
doors,  This  may  result  in  irregular  closing  of  the  dooru  during  trans¬ 
onic  acceleration,  However,  wind  tunnel  tasting  has  shown  that  unequal 
blow-in  door  positions  have  llttlo  effect  on  ejector  performance. 

Thin  effect  iu  stablized  at  conditions  other  than  transonic  acceleration, 
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The  reverser  operates  by  forcing  air  through  the  ejector  cascades  in 
a  forward  direction.  Any  effect  on  reverser  performance  resulting  from 
canting  the  engine  can  be  corrected  by  proper  selection  of  reverser 
air  exit  locations.  Cascade  areat'  not  needed  for  reversing  are  blocked, 


b,  Boeing 

Boeing  has  not  defined  the  amount  of  bend  in  the  engine,  but  has 
established  ground- rules  concerning  the  position  of  the  engine  with 
respect  to  the  wing.  These  govern  the  position  and  amount  of  bend  in 
the  engine,  The  position  of  the  centerline  of  the  engine  inlet  is  fixed. 
The  engine  must  extend  at  least  3  inches,  but  not  more  than  6  inches, 
above  tile  wing  at  the  trailing  edge,  The  ejector  centerline  must  pass 
through  a  specified  target  in  the  stabilizer  region  of  the  airframe. 

The  bund  in  the  engine  is  determined  to  be  8s  30'  based  on  present 
requirements.  The  fore  and  aft  bend  in  the  engine  also  depends  upon 
the  airframe  requirements.  The  bond  must  lie  in  the  area  of  the 
nozzle,  and  it  was  determined  that  it  must  be  at  the  maximum  area 
position  of  the  nozzle  for  this  installation, 

Because  engine  performance  is  greatly  affected  by  nozzle*  performance, 
a  two-dimensional  exhaust  nozzle  angled  downward  is  being  investigated 
on  an  open  water  table  using  the  hydraulic  analogy  between  a  com¬ 
pressible  fluid  and  an  open  channel  water  flow.  The  preliminary 
hydraulic  analogy  investigation  is  to  define  problem  areas,  A  more 
extensive  investigation  la  required  to  solve  the  problems  uncovered 
and  to  establish  biuic  design  criteria  for  this  type  of  nozzle  design. 

A  number  of  configurations  angled  from  8°  to  16s  have  been  tested  for 
the  afterburning  turbojet  nozzle.  Preliminary  results  indicate  that 
adequate  turning  Is  achieved  at  the  low  duct  Mach  numbers  occurring 
during  minimum  nozzle  area  operation.  A  problem  exists  in  achieving 
full  turning  at  the  higher  duct  Mach  numbers  encountered  at  maximum 
nozzle  area  operation. 


Early  testing  has  indicated  that  the  duct  wall  design  Influences  flow; 
and,  If  Boron  turning  can  be  achieved  in  the  duct,  the  rest  may  be 
accompli' lied  at  the  nozzle.  Figure  2B-68,  land  II,  shows  initial 
duct  wall  designs  tried,  Figure  2B-68,  III,  shows  an  Improved  duet 
wall  design  with  a  40%  increase  over  Figure  II  In  the  amount  of 
turning  accomplished  at  the  minimum  nozzle  condition.  Figure  2B-69 
shows  four  of  the  man>  water  table  photographs  used  in  compiling  data. 


An  nr  on  of  increased  temperature  may  also  exist  in  the  upper  section 
of  the  Boeing  liner.  Supplemental  cooling,  described  for  the  Lockheed 
engine,  will  lie  provided. 
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Canting  the  engine  in  the  area  of  the  nozzle  for  the  Boeing  installation 
requires  that  the  structural  struts  he  bent,  Although  a  bend  here  will 
require  additional  structure  within  the  struts  for  strength,  it  is  not  a 
major  problem.  Each  of  the  eight  struts  will  require  a  slightly  different 
degree  and  direction  of  bend.  All  nozzle  flaps  are  identical  and  are 
actuated  by  eight  bellcrank  systems.  Each  bellcrank  system  must  be 
slightly  different  in  movement  and  mechanical  advantage  to  give  uniform 
flap  movement.  The  synchronizing  ring  transfers  the  equal  actuator 
loads  to  the  unequal  flap  loading  requirements. 


Seven  of  the  blow-in  doors  are  built  into  the  ejector.  The  top  door  is 
attached  to  the  airframe  to  form  a  continuation  of  the  upper  wing  sur¬ 
face.  All  eight  doors  are  different,  The  leading  edge  of  each  is  per¬ 
pendicular  to  the  engine  centerline,  and  the  trailing  edge  mates  with 
the  leading  edge  of  the  secondary  and  tertiary  air  ramp.  This  ramp 
is  perpendicular  to  the  ejector  center  line  and  is  therefore  inclined 
relative  to  the  engine  centerline  and  blow-in  doors.  Blow-in  door 
and  revereer  operations  are  effected  in  the  same  manner  described 
for'the  Lockheed  engine. 


11.  EXTERNAL  PLUMBING.  BRACKETS  AND  HARDWARE 
a.  General  Description 


The  plumbing  and  associated  brackete-hardware  designs  utilize  the 
latest  methods  used  on  the  JT1  ID-20  engine  to  provide  durability, 
accessibility,  and  ease  of  assembly.  The  materials  used  for  plumb¬ 
ing,  brackets,  and  seals  are  based  on  experience  gained  from  the 
design  and  operation  of  the  JT 1JD-20,  since  the  high  environmental 
temperatures  associated  with  the  STJ227  engine  are  quite  similar, 


The  tubing  materials  are  type  347  stainless  steel  (PWA  770)  and  Inconel 
(PWA  1 060),  Stainless  steel  is  used  for  tubing  that  does  not.  exceed  800°F 
whan  exposed  to  its  individual  functional  and  environmental  tempera¬ 
tures,  Clamp  standoffs  on  these  tubes  are  attached  in  accordance 
with  PWA  Specification  2666,  Silver  Brazing,  Inconel  is  used  for 
tubing  that  exceeds  800°F  when  exposed  to  its  individual  functional  and 
environmental  lompcratures.  Clamp  standoffs  on  these  tubes  are 
attached  by  gold-nickel  brazing  (PWA  Specification  19), 

The  plumbing  lincB  are  formed  to  minimize  asscmibly  misalignment 
tolerances.  The  lines  arc  routed  to  avoid  fluid  traps,  and  provide 
calculated  flexibility  to  accommodate  misalignment  tolerances  and 
thermal  expansions.  In  dry  lines,  where  flexibility  by  line  routing 
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is  not  practical,  bellows  or  slip  joints  are  used  to  allow  for  mis¬ 
alignment  and  thermal  growth.  The  use  of  low  emissivity  coatings 
(gold  coating,  Specification  PWA  55)  to  reduce  heat  absorption 
eliminates  the  need  for  mechanical  heat  shield.  Mechanical  joints 
are  utilized  to  further  simplify  assembly  and  disassembly. 

The  plumbing  system  uses  modified  AN  standard  threaded  connectors 
with  fittings  machined  as  integral  parts  of  the  tubes.  This  design  has 
higher  fatigue  strength  and  greater  reliability  than  tubes  with  brazed 
fittings,  since  the  uncertainty  of  producing  sound  brazed  joints  is  re¬ 
moved. 

Plumbing  clamps  and  brackets  are  provided  to  support  the  lines  and 
to  avoid  resonant  vibrations.  The  brackets  are  of  fully  heat-treated 
Inconcel  X  (AMS  5542)  material,  spaced  at  calculated  interval'  ,  (The 
sliding  and  fixed  bracket  assemblies  are  presented  in  Figures  2B-70 
and  2B-71  respectively.  )  Where  necessary,  brackets  are  formed  and 
slotted  to  allow  free  movement  of  the  line  in  the  required  plane  to  re¬ 
lieve  thermal  stresses,  Wear-resistant,  materials  and  coatinga  are 
used  on  all  sliding  brackets  to  provide  increased  durability,  In 
addition,  vibration  dampers  are  used  on  all  high  pressure  lines  sliding 
brackets,  and  where  the  calculated  tube  movements  coincide  with  the 
plane  of  the  maximum  vibratory  movements.  The  vibration  damper, 
assigned  for  the  JT11D-20  engine,  allows  thermal  growth,  but  re¬ 
stricts  vibratory  movement,  The  calculations  for  the  tube  thermal 
growths,  routes,  flexibility,  supports,  and  clearances  were  obtained 
through  an  IBM  computer  program  that  was  established  and  utilized  in 
the  design  of  the  JT1  ID-20  engine  plumbing. 

1.  System  Description,  Material  Selection,  and  Routing 
(1)  Hydraulic  System 

The  hydraulic  plumbing  system  for  the  STJ227  engine  is  composed  of  the 
hydraulic  supply  and  return  lines  for  all  hydraulic  actuators.  The  hy¬ 
draulic  fluid  used  is  engine  fuel.  A  schematic  of  the  system  is  given 
on  Figure  2B- 72  . 

The  hydraulic  pump  is  mounted  on  the  rear  of  the  engine  accessory 
drive  gearbox  and  supplies  fuel  to  the  system  at  1500  psi,  This  pump 
provides  fuel  directly  to  the  discharge  filter,  which  is  mounted  aft  of 
the  pump  on  the  right  side  of  the  engine.  Fuel  from  the  discharge 
filter  is  routed  to  the  pilot  valve  in  the  main  fuel  control  for  inlet 
guide  vane  and  bleed  door  actuating.  From  the  pilot  valve,  tubes 
are  routed  forward  to  the  starting  bleed  door  actuator  manifolds  and 
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to  the  inlet  guide  vane  actuator  manifolds.  Discharge  fuel  then  passes 
to  the  exhaust  nozzle  control  and  reverser  pilot  valves.  Tubes  from 
these  valves  are  routed  aft  to  the  appropriate  actuator  manifolds. 

A  portion  of  the  discharge  fuel  is  bled  through  an  orifice  and  routed  to 
the  recirculation  lines  from  the  windmill  bypass  low  idle,  shut-off 
and  drain  valve  and  the  combined  fuel  shut-off  and  recirculation  valve. 
Fuel  is  supplied  to  these  lines  at  the  fitting  on  the  valve  to  provide 
coolant  flow  to  the  system  for  non- afterburning  operation.  Filtered 
"make-up  fuel"  for  the  hydraulic  system  is  provided  by  the  main  fuel 
pump.  Make-up  fuel  is  routed  from  the  main  fuel  pump  directly  to  the 
hydraulic  pump  inlet.  This  make-up  fuel  maintains  the  design  fluid 
temperature  in  the  system. 

Each  set  of  actuators  is  provided  with  an  open  manifold,  a  close  mani¬ 
fold,  a  coolant  return  manifold,  and  a  seal  drain  manifold.  Tubes 
from  each  coolant  return  manifold  are  routed  to  a  central  return  tube 
which  leads  to  a  return  filter  located  near  the  discharge  filter,  A  tube 
from  the  return  filter  tees  into  the  make-up  tube  from  the  main  fuel 
pump.  The  control  valves  also  have  return  lines  which  connect  to 
the  central  return  tube. 

The  hydraulic  pump,  filters,  and  control  valves  are  provided  with 
threaded  bosses  and  adapters  as  shown  in  Figure  2B-73.  A  metal 
gasket  is  used  between  the  boss  and  adapter. 

Stainless  steel  (PWA  770)  is  used  for  all  supply  and  return  tubes;  the 
drain  tubes  are  Inconcel  (PWA  1060).  Tube  sizes  were  selected  to 
provide  sufficient  flow  and  reaction  time,  with  adequate  wall  thickness 
for  the  fluid  pressure.  Ail  of  the  hydraulic  system  tubes  utilize 
integral  fitting  mechanical  connections  as  shown  in  Figure  2B-74. 

The  tubes  also  incorporate  expansion  loops,  where  required,  for 
thermal  growth,  A  nickel  conical  gasket  is  used  as  a  seal  at  the 
connections.  The  supply  and  return  tubes  are  gold- coated  to  reduce 
heat  transfer. 

An  IBM  program  developed  for  the  JT1  ID-20  engine  is  used  to 
determine  the  static  stress  in  the  tubes  due  to  thermal  deflections. 

This  program  is  used  for  all  plumbing  systems,  but  it  is  of  particular 
importance  in  the  hydraulic  system.  In  this  system,  low  static  stresses 
must  be  maintained  to  offset  the  stresses  due  to  high  fluid  pressures 
and  increased  vibratory  stresses,  In  the  hydraulic  system,  the  tubes 
are  subjected  to  hydraulic  excitation  in  addition  to  the  engine-induced 
vibration.  The  IBM  program  provides  a  quick  and  accurate  means  to 
route  the  tubes  for  the  best  compromise  of  short  lightweight  lengths, 
while  maintaining  sufficient  flexibility  to  keep  the  stress  level  low. 
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(2)  Fuel  System 

The  fuel  system  for  the  STJ227  engine  is  composed  of  the  main  burner 
fuel  supply  and  the  afterburner  fuel  supply.  The  main  and  afterburner 
fuel  systems  are  shown  in  Figures  2B- 75  and  2B-  76  respectively. 

A  bifurcated  supply  tube  to  the  main  and  afterburner  pumps  is  pro¬ 
vided,  with  the  airframe  connection  located  at  the  top  of  the  engine, 
as  shown  on  the  installation  drawings.  The  pumps  and  airframe  con¬ 
nections  use  angle  gasket  type  seals,  with  bolted  flanges  brazed  to 
the  tubes  (Figure  2B- 77). 

The  main  fuel  pump  delivers  fuel  directly  to  the  main  fuel  control; 
these  units  are  located  on  the  right  side  of  the  engine.  Fuel  is  routed 
from  the  main  fuel  control  to  the  main  fuel-oil  cooler  located  on  the 
lower  right  side  of  the  engine.  The  fuel  is  then  routed  to  the  wind¬ 
mill  bypass  low  idle  shut-off  and  drain  valve  located  at  the  bottom  of 
the  engine.  The  fuel  from  this  valve  is  routed  through  four  manifolds 
to  eight  clusters  of  nozzles  in  the  main  burner  system.  There  are 
four  nozzles  in  each  cluster,  connected  in  series  by  three  short  jumper 
tubes.  One  nozzle  in  each  of  two  adjacent  clusters  is  used  for  the 
low  idle  system.  Fuel  is  routed  from  the  low  idle  valve  to  the  low 
idle  nozzles. 

All  the  main  fuel  supply  lines  from  the  main  fuel  control  to  the  wind¬ 
mill  bypass  low  idle  shut-off  and  drain  valve  employ  bolted  flange 
connectors  brazed  to  the  tubes  with  silver  braze  (AMS  2666).  Angle 
gasket  seals,  shown  in  Figure  2B-77,  are  used  at  these  connections. 

The  main  burner  and  low  idle  manifolds,  as  well  as  the  nozzle  jumpers, 
are  integral  ferrule  tubes  with  modified  AN  connectors  at  the  nozzles 
and  valve.  Conical  nickel  gaskets  provide  sealing  at  these  joints.  The 
integral  ferrule  tube  and  conical  gasket  are  seen  in  Figure  2B-74, 

The  entire  main  fuel  system  is  fabricated  from  stainless  steel  (PWA 
770)  tubing  and  is  gold-coated  for  heat  rejection. 

In  the  afterburner  system,  fuel  is  routed  from  the  turbop  \mp  to  the 
afterburner  fuel  control.  Bolted  flange  connections  and  angle  gasket 
seals  are  used  at  both  components.  The  tube  xnaterial  Is  stainless 
steel  (PWA  770). 

The  Zone  I  fuel  is  routed  from  the  control  to  the  afterburner  fuel-oil 
cooler,  .located  on  the  lower  left  side  of  the  engine,  and  then  to  the 
Zone  I  sprayring  manifolds.  The  Zone  II  supply  lines,  however,  are 
routed  directly  from  the  afterburner  control  to  the  Zone  II  sprayring 
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manifolds.  All  plumbing  from  the  afterburner  fuel  control  is  fabri¬ 
cated  from  Inconel  (PWA  Specification  1060}  tubing,  with  gold-nickel 
brazed  (PWA  Specification  19)  bolted  flange  fittings. 

At  the  forward  end  of  the  routing  moderate  thermal  shock  is  en¬ 
countered,  therefore,  angle  gasket  seals  (Figure  2B-77)  are  used. 

At  the  aft  end  of  the  system  and  at  the  sprayring  fittings,  which  are 
subject  to  extreme  thermal  shock,  spring  gasket  seals  are  employed. 

A  schematic  of  this  sealing  design  is  shown  in  Figure  2B-78. 

The  sprayring  manifolds  from  the  supply  lines  to  the  sprayring  fittings 
contain  "S"  bends  to  compensate  for  high  thermal  gradients,  In 
both  Zone  I  and  Zone  II  manifolds,  tees  are  provided  to  permit  draining 
of  residual  fuel  through  lines  to  two  drain  valves  located  at  the  bottom 
of  the  engine.  These  drain  lines  are  of  Inconel  (PWA  1060)  material, 
with  gold-nickel  brazed,  bolted  flange  fittings  that  incorporate  spring 
gasket  seals, 

Signal  lines  to  the  drain  valves  are  routed  from  the  afterburner  fuel 
control.  These  lines  are  made  of  stainless  steel  (PWA  770)  tubing 
with  integral  ferrules.  Gold  coating  is  used  on  these  lines  to  reduce 
heat  transfer.  Conical  nickel  gasket  seals  are  used  at  the  control 
and  valve  connections, 

Recirculation  lines  are  provided  for  both  main  and  afterburner  systems,  , 
and  are  routed  from  the  two  supply  lines  to  an  aii’frame  connection  point 
on  the  engine.  These  lines,  made  of  stainless  steel  (PWA  770)  tubing, 
incorporate  integral  ferrules  and  are  gold-coated.  Conical  nickel 
gaskets  are  used  as  seals, 

(3)  Lubrication  System 

The  STJ227  engine  lubrication  system  (Figure  2B-79)  consists  of  oil 
pressure  supply,  scavenge,  and  breather  lines.  The  engine  lubricating 
oil  is  routed  from  the  oil  tank  to  the  oil  pump  inlet  port.  The  pressure 
oil  from  the  pump  outlet  is  routed  through  two  fuel-oil  coolers  placed 
in  series.  Downstream  of  the  fuel-oil  coolers,  a  tee  is  provided  in 
the  lube  line  to  accommodate  a  cooler  bypass  line  from  the  oil  pump 
bypass  port.  This  tube  also  functions  as  a  pressure  sense  line.  The 
lube  oil  is  then  routed  to  a  fitting  which  contains  provisions  for  a 
temperature  sensor  and  an  oil  pressure  transmitter.  This  fitting 
ia  located  on  the  right  side  of  the  engine.  Immediately  after  the 
oil  pressure  transmitter  fitting,  the  oil  supply  is  routed  to  the  num¬ 
ber  1,  2  and  3  bearing  compartments,  and  to  the  gearboxes. 
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The  number  1  bearing  oil  supply  line  is  routed  acroBo  tit q  compreuBor 
case  to  a  strut  on  the  compressor  inlot  case.  The  number  2  and  3 
bearing  oil  supply  la  routed  to  a  strut  on  the  diffuser  caae,  The  main 
gearbox  lube  oil  supply  linn  is  routed  forward  and  over  the  engine 
to  the  main  gearbox. 

The  main  scavenge  pump  is  located  in  the  lower  portion  of  the  main 
gearbox,  which  is  used  as  a  sump.  Scavenged  oil  is  pumped  directly 
from  the  gearbox  sump  to  the  oil  tank,  Scavenged  oil  from  the  number 
2  and  3  bearing  compartments  passes  through  a  diffuser  cane  strut  to  the 
main  gearbox  scavenge  manifold.  The  number  1  bearing  compartment 
scavenge  oil  is  routed  from  a  strut  on  the  Inlet  case  of  the  compressor, 
across  the  compressor  case,  to  the  main  gearbox  scavenge  manifold.  The 
main  gearbox  scavenge  manifold  is  then  routed  to  the  oil  lank. 

Tho  lube  pressure  and  scavenge  lines  are  integral  ferrule  tubing,  made 
from  stainless  steel  (PWA  770)  and  gold-coated  per  PWA  Spoclfieaiion 
55  to  resist  heat  transfer. 

The  angina  breather  system  provides  the  oil  tu.nk  and  bearing  compart¬ 
ments  a  regulated  pressure  of  8  to  15  psia  at  all  flight  attitudes.  A 
breather  manifold  from  tho  gearbox  to  the  oil  tank  incorporates  two 
tubes  that  are  joined  near  the  gearbox,  One  tube  ns  euros  breather 
pressure  at  normal  flight  conditions;  the  other  tube  is  for  inverted 
flight,  Toes  are  providod  in  the  inverted  flight  tube  for  breather 
tubes  from  the  number  1  bearing  compartment  and  fro  n  the  angla 
accessory  goarbox  required  for  the  Lockheed  Installnt)  The  num¬ 
ber  1  bearing  compartment  breather  connection  in  located  at  n  strut 
on  the  compressor  inlet  case. 

The  breather  tubes  have  integral  ferrules,  and  arc  made  of  Inconel 
{PWA  1060). 


Tube  end-point  connections,  nippies,  and  toes  employ  tho  modified 
AN  type  connector,  as  shown  in  Figure  ZB-74.  A  nickel  conical 
gasket  is  used  as  a  seal  at  the  connections. 

(4)  Air  Systems 

The  air  systems  uBed  on  the  STJ227  engine  include  various  signal  linos, 
labyrinth  seal  air  tubes,  aerodynamic  brake  actuator  linns,  tho 
turbopump  air  supply  tube,  and  the  secondary  air  bypnoe  lube  system 
(Boeing  installation  only).  For  'he  Lockheed  installation,  provision  is 
made  for  the  fuel  heater  air  supply. 
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Air  signal  lines  provide  burner  static  pressure,  compressor  discharge 
pressure,  and  ambient  air  pressure.  Main  burner  pressure  is  routed 
from  a  boss  located  on  the  burner  case  to  the  main  fuel  control.  Another 
line  is  routed  from  a  boss  on  the  burner  case  to  both  the  exhaust  nozzle 
control  valve  and  the  afterburner  fuel  control. 

Labyrinth  seal  air,  used  in  all  the  bearing  compartments,  is  taken  from 
the  compressor  fourth  stage.  This  air  is  routed  forward  to  a  strut  on 
the  compressor  inlet  case  for  the  number  1  bearing  compartment,  and 
aft  to  a  diffuser  case  strut  for  the  number  2  and  3  bearing  compartments. 
These  lines  are  Inconel  (PWA  1060)  tubing,  and  employ  bolted  flanges, 
gold-nickel  brazed  to  the  tubes  per  PWA  Specification  19. 

The  two  pneumatic  aerodynamic  brake  actuators,  located  at  the  com¬ 
pressor  exit,  are  supplied  from  an  airframe- supplied  system.  Tube 
material  is  Inconel  (PWA  1060)  with  integral  ferrules  and  modified 
AN  connectors  (Figures  2B-73  and  2B-74). 

The  turbopump  air  supply  tube  provides  compressor  discharge  air 
from  an  air  bleed  pad  located  on  the  diffuser  duct  to  the  turbopump  in¬ 
let  case.  Bolted  angle  gasket  connectors  are  gold-nickel  brazed  to  an 
Inconel  (PWA  1060)  tube  per  PWA  Specification  19.  A  universal-type 
slip  joint  is  employed  near  the  tube  center  point  to  allow  for  thermal 
expansion.  This  joint  is  sealed  with  metal  rings  and  is  similar  to  that 
used  on  the  STF219  air  bleed  tubes. 

Secondary  air  bypass  tubes  are  provided  for  the  Boeing  engine  version. 
Ram  air  is  picked  up  at  the  engine  inlet  through  eight  ducts  and  routed 
aft  to  the  ejector  section  of  the  engine.  A  bellows  expansion  joint, 
shown  in  Figure  2B-80,  compensates  for  engine  thermal  growth. 

The  ducts  are  fabricated  from  Hastelloy  X  (AMS  5536)  and  are  bolted 
directly  to  the  engine  without  additional  sealing  provisions. 

A  fuel  heater  is  provided  in  the  Lockheed  engine  version.  A  tube 
having  a  bolted  flange  with  an  angle  gasket  seal  draws  air  from  a  pad 
on  the  diffuser  case  to  the  heater. 

(5)  Plumbing  Heatshielding 

To  prevent  heat  transfer  from  the  engine  cases  to  the  plumbing,  a 
highly  reflective  gold  coating  is  applied  to  the  tube  surfaces.  This 
coating  is  a  compound  consisting  of  metallic  gold  and  an  organic 
resin.  It  is  applied  by  spraying,  then  subjected  to  a  bake  cycle  which 
decomposes  and  vaporizes  the  organic  resin  leaving  a  thin  coating  of 
metallic  gold  deposited  on  the  tube.  On  the  JT11D-20  engine,  most  of 
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the  heat  transferred  to  the  tubes  from  the  engine  cases  is  by  radiation. 
md°™tT\Tt8  ?'  00012  inCh  thickness  is  U5ed  »”  the  tubes  to  reduce 
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(6)  Tube  Joints  (seals  and  fittings) 


The  modified  AN  threaded  connector  tube  joints  have  ferrules  machined 
integral  with  the  tubes  from  metal  that  is  gathered  by  a  hot  upset  process 
at  the  tube  end.  This  type  of  joint  was  developed  to  replace  the  conven¬ 
tional  silver-brazed  joints  in  the  high  pressure  plumbing  and  is  now  used 
on  the  JT11D-20  engine. 


The  following  table  shows  the  approximate  fatigue  strengths  of  com¬ 
parable  size  integral  ferrules  and  brazed  ferrules  at  test  conditions  of 
450  °F  and  4500  psi  internal  pressures. 


Sizes 

Tube 

(in.  ) 

F  errule 

Approximate  Fatigue 
Silver-Brazed  Ferrule 

Strength  (psi) 
Integral  Ferrule 

0.  375 

0.  375 

22, 500 

32,  500 

0.  500 

0.  500 

20, 000  to  22, 500 

25,000 

0.  750 

0.  750 

20, 000  to  22, 500 

25, 000 

Analysis  of  test  results  revealed  that  variations  in  the  fatigue  strength 
of  brazed  ferrules  can  be  attributed  to  braze  fit,  fillet  size,  braze 
coverage,  and  brazing  temperature.  Because  of  these  variables,  it 
is  difficult  to  predict  the  fatigue  strength  of  a  particular  brazed  joint. 

The  fatigue  strength  of  the  integral  ferrule  is  affected  only  by  the 
physical  configuration  of  the  machined  ferrule  and  the  parent  tube 
material.  Although  the  fatigue  strength  of  the  integral  ferrule 
is  only  slightly  higher  than  that  of  some  brazed  joints,  the  integral 
ferrule  has  higher  reliability  due  to  the  strict  quality  control  that 
can  be  exercised  over  the  only  variables,  upsetting  and  machining. 

On  the  modified  AN  threaded  connector  tube  joint  sealing  is  accomplished 
by  the  use  of  a  thin  nickel  gasket  compressed  between  the  ferrule  and 
the  male  connector.  This  joint  and  seal  configuration  is  used  for  low  and 
high  pressure  plumbing  not  subjected  to  thermal  shock. 


The  bolted  flange  joint  (Figure  2B-77)  is  used  for  low  and  high  pressure 
plumbing  subjected  to  moderate  thermal  shock.  Sealing  is  accom¬ 
plished  by  deforming  the  stainless  steel  angle  gasket  into  the  inner 
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and  outer  corners  of  the  seal  grooves.  This  joint  is  used  in  the  forward 
section  of  the  afterburner  fuel  system.  The  seal  grooves  are  machined 
into  flanges  that  are  gold-nickel  brazed  to  tubes. 

Another  bolted  flange  joint  (Figure  2B-78)  is  used  for  low  and  high 
pressure  plumbing  subjected  to  high  thermal  shock.  Sealing  is 
accomplished  by  close  control  of  flatness  and  parallelism  on  the 
sealing  surfaces,  and  by  initial  flange  clamping  force  to  seat  the 
Inconel  X  (AMS  5542)  spring  gasket.  The  unbalanced  pressure  design 
increases  the  sealing  force  with  higher  pressures.  This  joint  is  used 
in  the  aft  section  of  the  afterburner  fuel  system,  with  seal  grooves 
machined  into  flanges  that  are  gold-nickel  brazed  to  tubes,  and  at  the 
afterburner  sprayring  bosses. 

The  threaded  adapter  joint  (shown  in  Figure|2B-73)  is  also  used  for 
low  and  high  pressure  plumbing  not  subject  to  thermal  shock.  Sealing 
is  accomplished  by  deflecting  the  thin  flexible  lips  of  the  Inconcel  X 
(AMS  5542)  gasket  against  the  conical  seat  in  the  boss  and  the  flat 
surface  on  the  adapter.  This  type  of  joint  is  used  on  engine  com¬ 
ponents,  pumps,  controls,  etc. 

The  selection  of  mechanical  tube  joints,  rather  than  fittings  brazed  at 
engine  assembly,  is  a  direct  result  of  experience  with  the  JT11D-20 
engine,  which  employed  induction  brazed  connections  in  the  early 
stages  of  development.  Several  hazards  are  present  when  attempting 
to  braze  plumbing  on  the  engine.  First,  a  joint  with  no  braze  appears 
the  same  as  a  fully  brazed  joint  on  X-ray  examination.  Second,  unless 
extremely  careful  fixturing  is  employed,  parts  close  to  the  brazed 
joint  may  become  overheated  and  damaged.  In  addition,  the  ability 
to  correct  for  leaks  or  to  remove  engine  accessories  is  so  laborious 
and  time  consuming  that  engine  development  and  maintenance  are 
severely  hampered.  The  mechanical  joints  have  been  developed  to 
the  point  of  being  trouble-free  even  in  high  Mach  number  environments. 


(7)  Tube  Supports 

Tube  supports  are  designed  to  allow  for  tube  thermal  growth, 
to  eliminate  tube  vibration,  and  to  maintain  clearance  between 
the  tubes  and  engine  or  other  components.  Standard  MS  loop 
clamps  (AMS  5510)  are  used  to  clamp  stand-offs  to  the  brackets. 
Typical  bracket  assemblies  are  shown  injFigures  2B-70  and  2B-71. 
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The  sliding  brackets  are  used  to  allow  for  thermal  growth.  A  slot 
in  the  brackets  permits  the  tube  to  slide  in  the  direction  that 
minimizes  stress  as  the  engine  thermal  gradients  increase.  The 
brackets  are  positioned  to  provide  adequate  tube  support  and  low 
stress.  Static  (fixed)  brackets  are  used  at  support  points  that 
require  no  movement  due  to  thermal  growth.  These  brackets 
support  the  tubes  and  eliminate  vibration.  A  combination  of 
sliding  and  static  brackets  can  be  used  to  shift  the  load  from  a 
critical  area  to  a  non-critical  area  of  a  given  tube.  The  bushings 
are  assembled  in  the  bracket  slots  with  the  retainers  and  are 
flared  as  shown  in  Figure  2B-70.  This  provides  foolproof  bracket 
assemblies  for  convenient  installation  and  maintenance. 

The  same  computer  program  used  to  select  a  suitable  tube  route 
is  also  used  to  locate  the  brackets.  This  program  reports  the 
stress  at  any  point  in  a  tube  with  any  desired  combination  of 
support  points,  and  also  calculates  the  required  direction  and 
length  of  the  slots  in  the  brackets. 

All  tube  brackets  are  made  of  Inconel  X  (AMS  5542).  When  fully 
heat-treated,  these  brackets  have  useful  strength  up  to  1500°F  and 
good  oxidation  and  corrosion  resistance  up  to  1800°F.  The 
retainers  and  b-shings  shown  are  made  from  cobalt  base  alloys. 

They  have  good  oxidation,  thermal  shock,  and  corrosion  resistance 
up  to  1800°F.  The  retainers  are  cast  from  Stellite  31  (AMS  5382) 
to  reduce  manufacturing  cost  and  the  bushings  are  machined  from 
L-605  (AMS  5759).  The  areas  of  the  brackets  that  are  in  contact 
with  the  sliding  retainers  and  bushings  are  coated  with  diffused 
aluminum  (PWA  44).  Laboratory  tests  and  extensive  JT11D-20 
experience  have  proved  this  combination  of  metals  and  coating  to 
have  excellent  wear  and  strength  properties  at  temperatures  equal 
to  those  on  the  STJ227. 

Vibration  dampers  are  used  on  high  pressure  hydraulic  tubes  to 
reduce  vibratory  stresses  transferred  to  the  tubes  by  a  combination 
of  hydraulic  fluctuations  and  mechanical  vibrations.  The  damping  is 
provided  by  friction  between  the  damper  and  the  bracket!(Figure  2B-70). 
The  friction  is  controlled  by  the  normal  load  of  the  Belleville 
washers  in  the  damper  housing.  This  load  is  of  a  magnitude  that 
does  not  interfere  with  tube  movement  due  to  thermals.  The 
damper  housings  are  made  of  L-605  (AMS  5759)  with  Waspaloy 
(AMS  5709)  Belleville  washers.  They  have  been  used  successfully 
on  the  JT11D-20  engine  at  temperatures  and  vibration  levels 
comparable  to  the  STJ227. 
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All  tube  support  points  use  mechanically  attached  stand-offs,  which 
consist  of  collars  and  sleeves  and  eliminate  any  chafing  or  wear  on 
the  tube.  A  clamp  stand-off  schematic  is  given  in  Figure  2B-81. 

The  sleeves  are  supported  by  collars  similar  to  a  simply  supported 
bear.1,  allowing  the  sleeves  to  absorb  vibration  by  flexing  between 
the  supports.  The  sleeves  are  made  in  three  segments  of  120°  each. 

This  arrangement  reduces  wear  by  providing  maximum  contact  are? 
between  collars  and  sleeve  segments,  without  imposing  undue 
manufacturing  controls  on  these  parts.  The  three-piece-segments 
also  equalize  the  stiffness  of  the  tubes  about  their  axes  at  the 
stand-off  locations. 

The  sleeves  and  collars  are  made  of  L-605  (AMS  5537  and  AMS 
5759)  to  obtain  the  necessary  strength  and  wear  properties  at 
elevated  temperatures.  The  corrugated  sleeve  sections  are 
manufactured  by  stamping,  and  are  light  and  very  durable.  The 
collars  are  brazed  to  stainless  steel  (PWA  770)  tubes  per 
AMS  2666  (silver  braze),  and  high  temperature  Inconel  (PWA  1060) 
tubes  per  PWA  Specification  19  (gold-nickel  braze).  The  sleeve 
sections  are  lockwired  as  shown  in  Figure  2B-81  for  easy 
installation  and  disassembly. 

This  variety  and  flexibility  of  tube  support  methods  have  been 
used  extensively  on  the  JT11D-20  engines.  The  temperature  environ¬ 
ment  and  stress  levels  used  on  the  JT11D-20  engine  are  comparable 
to  the  STJ227. 

12.  MAIN  GEARBOX  ACCESSORY  DRIVE 

The  engine  accessory  gearbox  provides  drive  capability  for  all 
engine  components  and  additional  aircraft  accessory  drives  as  agreed 
to  by  airframe  companies  and  Pratt  &  Whitney  Aircraft. 

The  design  of  the  gearbox  relies  heavily  on  the  experience  gained 
on  the  JT11D-20  gearbox,  since  the  basic  operating  requirements 
are  quite  similar.  The  STJ227  main  gearbox  is  shown  in  Figure  2B-82. 


The  gearbox  is  driven  through  a  set  of  bevel  gears  and  is  mounted 
on  the  side  of  the  engine  with  the  towershaft  located  on  the  engine 
horizontal  centerline.  Loose  spline  couplings  are  located  on  both 
ends  of  the  towershaft  to  compensate  for  deflection  and  misalignment. 
The  hydraulic  pumps  are  all  located  on  the  aft  side  of  the  gearbox 
while  the  main  fuel  pump,  tachometer,  and  main  oil  pump  are 
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located  on  the  forward  Bide  of  the  engine,  The  main  fuel  pump  and 
tachometer  are  placed  above  the  engine  centerline,  with  the  main 
oil  pump  and  scavenge  oil  pump  below  the  engine  centerline, 

A  gear  type  scavenge  pump  is  Installed  as  a  complete  unit  in  the 
bottom  of  the  gearbox.  It  picks  up  oil  from  the  gearbox  and  the 
2  and  3  bearing  compartments  and  returns  it  to  the  oil  tank.  The 
gearbox  breather  system  incorporates  a  high  speed  centrifugal 
de-oiler  in  conjunction  with  a  breather  pressure  regulating  valve. 
These  prevent  loss  of  oil  overboard,  while  maintaining  a  given 
pressure  within  the  gearbox  and  main  bearing  compartment.  The 
main  fuel  control  is  driven  through  the  main  fuel  pump.  The 
gearbox  la  contoured  to  the  engine  cases  to  place  the  components 
as  close  to  the  engine  as  possible.  The  arrangement  chosen 
minimizes  fuel  plumbing,  prevents  the  routing  of  major  fuel  linos 
across  the  bottom  of  tho  engine  where  they  would  be  a  fire  hazard 
in  tho  event  of  a  wheels-up  landing,  and  allows  for  unobstructed 
removal  of  the  fuel  nozzles  from  the  burner  case. 

The  gearbox  is  attached  to  the  engine  case  by  throe  spherical  ball- 
jointed  links.  One  mount  point  is  at  tho  rear  end  of  the  towershaft 
housing,  one  is  on  the  forward  end  of  the  housing  above  the  engine 
centarlinoi  and  one  is  on  the  forward  end  of  the  housing  below  the 
onglne  centerline.  This  method  of  mounting  allows  the  towershaft 
and  stub  gearshaft  to  seek  their  own  initial  alignment, 

All  high  lemperfltur«  gears  and  shafting  are  constructed  of  AMS 
6260  material  with  carburized  and  hardened  tooth  and  wear  surfaces. 
Gears  are  of  integral  shaft  design  where  possible  and  arc  straddle- 
mounted  In  the  housing  through  anti-friction  ball  and  roller 
bnarlngo,  Tho  designs  ensure  that  harmful  resonant  speeds  (re 
outside  tho  operating  ranges, 

Pant  experience  with  tho  JTllD-20  gearo  indicates  that  the  nee  of 
tt  22-1/2“  PA  involute  tooth  form  provide®  very  satisfactory  power 
transmission  at  e  gear  size  compatible  with  the  accessory  spacing 
i,w|iilremanl(i, 

All  gears  are  of  balanced  tooth  strongth  design,  and  center 
distance  toloruncea  are  minimized  to  maintain  u  lurgo  contact  ratio 
to  ensure  good  gear  Jifo.  The  following  maximum  allowable  Hertz 
atrofloea  are  used:  90,000  psi  under  continuous  load,  120,000  pfll 
under  overload  condition,  and  140,000  psl  under  starting  cond'tiorifl, 
The  maximum  allowable  fuiigue  stress  in  bonding  is  36,000  pin, 
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for  bevel  gears  and  55,  000  pul  for  spur  gears.  These  data  are 
based  on  a  maximum  oil  torr/psrst  ure  of  425°F.  In  addition,  shaft 
deflection  ia  minimized  to  allow  bearing  misalignment  capabilities 
to  be  used  for  any  out- of -position  due  to  manufacturing  tolerances. 

All  shafts  are  straddle-mounted  on  anti-friction  bearings,  capable  of 
supporting  both  radial  and  axial  loads  as  required  by  the  application 
and  designed  for  a  life  expectancy  of  10,  000  hours.  All  bearing  races, 
balls,  and  rollers  are  of  high  temperature  steel  (PWA  724)  and  stabilized 
at  lOOO0!’  for  minimum  distortion,  All  bearings  utilize  a  steel  (AMS  6415) 
cage. 

All  rotating  races  are  ti^ht  and  have  positive  retention  on  the  shaft  or 
housing,  Ail  outer  races  ride  in  llnore,  with  a  loose  bearing-to-liner 
fit.  Thrust  bearings  arc  provided  on  all  shafts  and  provision  for  bi¬ 
directional  thrust  is  made. 

The  STF227  cast  housing  construction  is  designed  to  achieve  the  maximum 
rigidity  and  minimum  location  tolerance  buildup,  The  housing  is  composed 
primarily  of  a  cast  body  that  provides  the  front  bearing  supports,  and  a 
cast  cover  that  provides  the  roar  bearing  supports.  These  are  fusioned 
together  with  pins  and  studs  for  proper  alignment  of  all  gcarshafts,  The 
cast  gearbox  is  connected,  to  the  toworshaft  through  a  main  powershaft 
housed  In  a  stamped  and  welded  ahoet  metal  cylinder,  The  long  main 
power  shaft  is  provided  because  the  components  are  located  forward  of 
tho  toworshaft  pad  to  allow  for  the  removal  of  the  fuel  nozzles  for  in¬ 
spection, 


Since  the  housing  temperature  io  a  maximum  of  440 "F,  the  material 
selected  le  AMS  4445,  a  cant,  low  density,  magnesium-thorium  combina- 
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JT3,  JT‘1  and  JT8  gearboxes,  Stresses  in  the  housing  are  low  and  uniform 


with  this  typo  of  construction, 


All  bearing  linoru  are  tight  in  the  housing  and  pinned  to  prevent  move¬ 
ment,  Tho  liner  material  is  iow  alloy  steel  (AMS  6322)  for  compatibility 
with  the  bearing  material, 


The  accessory  drive  gearbox  is  sealed  effectively  at  accessory  pads  and 
drive  shaft  entry  points  by  bellows  typo  carbon  face  seals.  Cartridge 
typo  iienia  are  need  for  easy  installation!  removal,  and  replacement. 
Utilizing  JT11D-20  cxporioncu,  these  seal®  incorporate  vibration  dam¬ 
pening  devices,  which  eliminate!  bellows  fatigue.  The  carbon  face  material 
selected  is  Purbon  P-2003,  This  was  chosen  for  its  low  coefficient  of 
friction  at  elevated  temperatures  and  for  its  oxidation  resistance. 
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The  carbon  lip  is  of  the  anti-coke  configuration.  This  design  prevents 
seal  lift-off  clue  to  polymerization  of  lubricant  on  a  surface  adjoining  the 
seal  face.  The  carbon  seal  face  has  a  surface  finish  equivalent  to  4  AA, 
per  PWA  Specification  351,  and  is  lapped  flat  within  3  helium  light  bands. 

Bellows  material  selection  is  based  on  the  anticipated  temperature  en¬ 
vironment  of  the  bellows,  AM  350  (AMS  5548)  welded  bellows  are  used 
because  of  high  vendor  experience  with  thus  material.  The  bellows  have 
a  heatset  requirement  to  assure  minimum  relaxation  of  the  bellows  ma¬ 
terial  at  operating  conditions. 

The  seal  plate  face  has  a  maximum  runout  of  0,0005  F.I.R.  This  sur¬ 
face  ie  hardfaced  with  chromium  carbide,  finished  to  5  AA  (per  PWA 
Specification  351,  and  lapped  flat  within  2  helium  light  bands.  The  edges 
of  the  aeal  plate  are  chamfered  to  reduce  edge  chipping. 

At  the  more  severe  sealing  locations,  additional  cooling  oil  flow  is  pro¬ 
vided  either  through  or  behind  the  seal  plate.  Seal  plates  are  integral 
with  goarshafta  in  most  locations  to  reduce  weight  and  to  simplify  con¬ 
figuration. 

Some  uf  tho  design  considerations  which  have  proven  to  be  critical  in 
the  development  of  the  JT11D-20  gearbox  are  presented  below.  These 
considerations  were  adhered  to  in  the  design  of  the  STJ227  accessory 
gearbox. 

•  Goar  webs  were  sized  on  the  basis  of  maximum  bending  moment 
imposed  by  extremes  in  gear  rnesh. 

•  Bearings  are  set  as  far  apart  as  possible  to  minimize  the  misalign¬ 
ment,  duo  to  tolerance  Btackup  that  creates  iindasii'ab'e  gear  mesh 
conditions  and  seriously  reduces  bearing  life, 

4  Particular  attention  is  given  to  tho  vibration  characteristics  of  lock- 
washora,  tiobolte  and  gear  rims.  All  effort  is  made  during  initial 
design  to  prevent  reeonance  within  the  operating  range,  especially 
at  the  lower  nodal  frequencies,  Development  touting  will  confirm 
the  resonance  characteristics  of  all  parts, 

•  Sufficient  oil  for  lubrication  and  cooling  is  supplied  to  all  gears, 
bearings,  and  Meals,  In  particular,  seals  and  bearings  are  con¬ 
stantly  bathed  with  fresh  oil  to  prevent  buildup  of  coked  oil,  which 
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can  disrupt  the  seal  tip  contact  and  cause  abrasive  material  to  be 
distributed  throughout  the  lubrication  system. 

•  All  splined  gears  and  couplings  are  provided  with  two  concentric 
pilots  to  maintain  concentricity  and  to  eliminate  bending  loads  from 
being  transmitted  across  a  spline. 


13.  CONTROL  SYSTEM 
a.  Introduction 
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The  control  system  for  the  STJ227  engine  is  a  hydrornechanical  system 
that  is  essentially  the  same  as  the  control  system  on  the  JT1  ID-20  engine 
with  modifications  only  as  required  to  meet  specific  SST 'airframe  require¬ 
ments  and  the  increased  flow  requirements  of  the  STJ227  engine.  This 
control  system  has  been  satisfactorily  developed  on  the  JT11D-20  engine, 
and  no  major  new  problems  are  anticipated  in  the  SST  application.  Com¬ 
ponent  bench  and  engine  qualification  tests  were  successfully  completed 
with  fuel  inlet  temperature  and  ambient  temperatures  higher  than  the 
SST  application. 

The  control  system  includes  an  engine-driven  positive  displacement  main 
fuel  pump}  a  hydrornechanical  main  fuel  control  and  exhaust  nozzle  area 
control;  a  windmill  bypass,  low  idle,  shut-off  and  drain  valve;  a  hydrome¬ 
chanical  afterburner  fuel  control;  an  air  turbine  driven  centrifugal  after¬ 
burner  pump;  afterburner  manifold  drain  valves;  and  a  high  pressure  engine 
hydraulic  system  utilizing  engine  fuel  and  including  an  engine -driven 
hydraulic  pump  and  suitable  hydraulic  actuators  for  positioning  starting 
bleed  doors,  compressor  inlet  guide  vanes,  exhaust  nozzle  flaps,  thrust 
reverser  flaps,  and  a  spark  ignition  system  for  the  main  burner  and 
afterburner.  The  control  components  are  described  in  this  section.  In¬ 
stallation  details  are  illustrated  in  installation  drawings  elsewhere  in 
this  report. 

b.  Control  System  Features 

The  following  control  system  features,  which  are  supplementary  to  the 
JT11D-20  control  system,  are  required  for  the  STJ227  engine: 

(1)  Control  Levers 

One  control  lever  is  used  to  modulate  thrust  from  maximum  afterburner 
to  full  reverse;  one  cuts  off  main  engine  fuel  flow  and  schedules  low  idle. 
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Power  lever  operation,  is  shown  in  Figure  2B-83.  A  two-position  thrust 
reverser  i:>  provided,  thereby  requiring  a  cut  off  lever  because  fuel 
cutoff  from  idle  is  required.  Null  thrust  can  be  furnished  as  an  optional 
feature,  with  power  lever  modulation  combined  with  the  fuel  cutoff  lever 
similar  to  the  arrangement  proposed  in  Phase  I, 

(2)  Fuel  Filter 

A  ten-micron  fuel  filter  is  added  to  the  main  fuel  pump  between  the  cen¬ 
trifugal  stage  and  the  gear  stage.  This  filter  also  provides  an  electrical 
signal  indicating  an  excessive  filter  pressure  drop  to  alert  the  pilot  to 
energize  the  fuel  heaters  if  high  pressure  drop  due  to  fuel  icing  is  en¬ 
countered,  Optional  provisions  for  fuel  de-ice  heating  by  a  pilot-actuated 
compressor  discharge  air-to-fuel  heat  exchanger  are  provided. 

(3)  Ignition  System 

1 

An  electrical  spark  ignition  system  is  provided  for  both  the  main  burner 
and  the  afterburner.  The  JT11D-20  engine  incorporates  a  chemical  ig¬ 
nition  system  utilizing  the  injection  of  pyrophoric  fluid  to  ignite  both 
burners.  This  system  operates  satisfactorily  in  all  respects  on  the 
JT11D-20  engine  and  is  available  as  a  developed  backup  for  the  SST 
application.  However,  an  electrical  spark  ignition  system  similar  to 
other  Pratt  &  Whitney  Aircraft  commercial  engines  was  selected  for 
the  STJ227. 

(4)  Fuel-Oil  Cooler  and  Bypass  Valves 

! 

A  fuel-oil  cooler  and  suitable  temperature  sensing  fuel  bypass  valves  are  ; 

provided  in  the  afterburner  fuel  system  and  the  main  burner  fuel  system 
to  cool  oil  and  prevent  excessive  fuel  temperatures  with  resultant  coke 
formation.  When  fuel  temperature  approaches  the  maximum  limits,  fuel 
is  bypassed  to  the  aircraft  tank.  A  complete  analysis  of  engine  heat  re-  j 

jection  is  stated  in  Section  III- 17. 

(5)  Optional  Functions 

The  following  optional  functions  can  be  provided  if  detail  studies  show 
they  are  required:  Low  idle  provisions  in  the  main  fuel  control  to  con¬ 
serve  fuel  on  descent,  provision  to  reset  engine  rpm  as  a  function  of 
Mach  number  or  shock  position  to  optimize  aircraft  inlet  airflow  at 
high  Mach  numbers,  and  an  aircraft  approach  velocity  control  to  hold 
aircraft  approach  velocity  constant  with  limited  authority. 
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(6)  Afterburner  System 

A  two-zone  afterburner  system  is  provided  by  adding  another  pressure 
regulating  valve  and  metering  valve  to  the  afterburner  fuel  control  to 
handle  the  afterburner  fuel  flow  modulation  required  for  the  S3T.  The 
afterburner  control  scheduling  cams  can  be  contoured  to  provide  a  re¬ 
duced  fuel/air  ratio  at  high  Tt2  to  provide  optimum  thrust-drag  relation¬ 
ship  as  an  option  if  required  for  the  installation, 

\7)  Component  Housings 

Aluminum  housings  for  components  are  provided  where  permitted  by  the 
reduced  fuel  and  ambient  temperatures  of  the  SST. 


The  control  system  for  the  STJ227  engine  schedules  engine  operation  as 
a  function  of  power  lever  position  such  that  thrust  variations  are  essen¬ 
tially  linear  with  power  lever  position,  and  such  that  air  flows  are  com¬ 
patible  with  the  air  induction  system  over  the  range  of  the  flight  envelope. 
The  control  system  provides  rapid  thrust  modulation  of  the  engine  while 
ensuring  safe,  reliable  operation  during  the  transients. 

The  relationship  between  power  lever  and  engine  thrust  from  full  reverse 
to  maximum  afterburner  is  shown  in  Figure  2B-83.  Maximum  thrust 
is  obtained  by  moving  the  power  lever  to  the  full  forward  position.  At 
this  position  the  turbine  inlet  temperature  is  set  at  its  maximum  value, 
and  the  afterburner  provides  maximum  thrust.  When  cruise  conditions 
are  reached,  the  power  lever  is  repositioned  to  the  afterburner  modu¬ 
lation  range.  In  this  range  the  turbine  inlet  temperature  is  set  at  a  re¬ 
duced  cruise  value,  and  the  desired  thrust  is  obtained  by  afterburner 
modulation, 

Engine  speed  is  controlled  by  modulating  the  exhaust  nozzle  area.  Open 
exhaust  nozzle  area  is  maintained  for  idle  and  until  the  constant  governing 
speed  is  reached,  thereby  providing  minimum  idle  thrust.  Low  power-to- 
fuil  afterburner  thrust  settings  are  accomplished  at  constant  rotor  speed 
bia.sed  by  compressor  inlet  temperature,  thereby  providing  essentially 
constant  airflow  for  a  particular  flight  condition.  This  schedule  is  par¬ 
ticularly  compatible  with  high  Mach  number  aircraft  air  induction  systems. 
The  main  burner  fuel  schedule  is  illustrated  in  Figure  2B-84  which  shows 
a  representative  acceleration  and  deceleration  schedule.  The  governor 
droop  lines  in  this  curve  are  steep  in  the  open  exhaust  nozzle  region  to 


PAOE  NO.  2B-98 


CONFIDENTIAL. 


DOWHWtMD  ■*  »  MTIMVMC 

Ooe  o**  *  ~o 


PRATT  4  WHITNEY  AIRCRAFT 


CONFIDENTIAL. 


PWA-2600 


* 


control  engine  speed,  and  are  flat  in  the  constant  speed  exhaust  nozzle 
area  governing  range  where  slope  provides  essentially  constant  turbine 
inlet  temperature.  The  ovcrspeed  governor  droop  line  is  also  shown. 

The  afterburner  fuel  schedule  is  shown  in  Figure  2B-85.  Too  afterburner 
zoneo  are  provided  with  separate  pressure  regulating  valves  and  throttle 
valves  in  the  afterburner  control  to  provide  accurate  fuel  scheduling  over 
the  desired  afterburner  modulation  range.  Zone  I  is  initiated  at  minimum 
afterburner  PLA  and  Zone  II  at  a  higher  afterburner  PLA,  The  after- 
burner  schedule  is  biased  by  compressor  inlet  temperature, 

d.  Description  of  Components 

(1)  Main  Fuel  Pump 

The  engine-driven  main  fuel  pump  is  a  two-ata-ge  unit  incorporating  a 
centrifugal  boost  stage  and  a  gear  type  second  stage.  The  second  stage 
consists  of  two  parallel  operating  pumps  with  discharge  check  valves 
to  permit  the  remaining  gear  pump  to  operate  in  the  event  one  fails,  A 
relief  valve  is  provided  in  the  discharge  from  the  gear  pump  to  prevent 
excessive  fuel  system  pressure.  A  10-rnicron  self-relieving  filter  is 
located  between  the  boost  stage  and  the  gear  stage.  The  main  fuel  pump 
flow  passages  are  shown  schematically  in  Figure  2B-86, 

This  pump  design  is  essentially  the  same  as  gear  pumps  provided  on  other 
Pratt  &  Whitney  Aircraft  engines. 

(2)  Main  Fuel  Control,  Tt2  Sensors,  and  Exhaust  Nozzle  Control  (Refer 
to  Figures  2B-87,  2B-84,  and  2B-76.  ) 

The  main  fuel  control  is  a  hydromechanical  device  designed  tot 

Schedule  fuel  flow  to  the  main  engine  combustion  system  from  full 
reverse  to  maximum  afterburner, 

•  Control  engine  airflow  and  rotor  speed  by  regulating  exhaust  nozzle 
area. 

*  Control  the  position  of  the  engine  inlet  guide  vanes. 

®  Control  the  position  of  the  engine  compressor  start  bleed  system. 

®  Provide  an  arming  signal  to  the  afterburner  control. 
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•  Provide  pressure  signals  to  the  windmill  bypass,  low  idle,  almtoff, 
and  drain  valve  assembly, 

•  Provide  the  following  optional  functions  if  proved  necessary:  low 
idle  fuel  flow,  reset  of  rotor  speed  aa  function  of  Mach  number  or 
ahoclc  position,  constant  aircraft  approach  velocity  control. 

The  control  computes  fuel  flow  ratio  using  power  lever  poaition,  engine 
speed,  and  compressor  inlet  temperature  ao  the  basic  parameters.  Fuel 
flow  ratio  it)  defined  as  fuel  flow  in  pounds  per  hour  divided  by  engine 
burner  pressure  in  pounds  per  square  inch  absolute.  This  ratio  lu  pre¬ 
sented  by  the  aotial  position  of  a  cam  follower  on  the  three-dimensional 
multiplying  cam,  Engine  burner  pressure  is  sensed  by  an  absolute  pres¬ 
sure  bellows  system,  The  bellows  force  is  transmitted  to  a  force  bulnnco 
servo,  which  rotatoa  the  multiplying  cam,  The  final  position  of  chc  multi¬ 
plying  cam  follower  establishes  the  position  of  the  metering  valve  servo 
and,  therefore,  the  position  of  the  motoring  valve, 

The  amount  of  fuel  motored  to  the  angina  io  directly  proportional  to  motor  ¬ 
ing  valve  position.  This  is  accomplished  by  a  pressure  rtigulnling  system 
that  acts  to  maintain  a  constant  pressure  differential  across  the  metering 
valve.  All  fuel  in  excoso  of  that  metered  to  the  engine  and  used  to  actuate 
the  control  servos  is  returned  to  the  fuel,  pump  interstage.  The  control 
servo  flow  is  returned  to  the  pump  inlet  through  a  regulating  valve  that 
sets  a  controlled  minimum  pressure  in  the  control  body.  The  bypass 
return  fuel  to  pump  interstage  is  returned  through  a  combination  pro¬ 
portional  and  integrating  bypass  valve.  The  proportional  bypass  valve 
prevents  large  changes  in  metering  valvo  pressure  drop  under  transient 
metering  valve  area  conditions;  the  integrating  bypass  valve  corrects  for 
small  errors  in  metering  valve  pressure  drop, 

The  main  fuel  control  servo  systems  are  supplied  with  a  regulated  servo 
pressure,  which  is  maintained  at  a  constant  level  above  servo  drain  (main 
body  pressure),  This  results  in  a  constant  servo  power  regarulosB  of 
fuel  pressure  level,  The  main  control  also  supplies  the  exhaust  nozzle 
control  and  compressor  inlet  temperature  sensors  with  regulated  servo 
supply  and  servo  drain  pressures, 

Compressor  inlet  temperature  is  sensed  by  cither  one  of  two  gas-filled 
bulbs  that  proauce  a  gas  pressure  level  proportional  to  temperature. 

The  gae  pressure  acts  against  a  diaphragm,  creating  a  load  on  a  lever 
balance  oystem  opposed  by  a  servo  system  and  bellows,  The  fuel  Bervo 
pressure  required  to  balance  the  system  is  proportional  to  the  gas  pres¬ 
sure  and,  therefore,  is  proportional  to  compressor  inlet  temperature. 
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The  fuel  servo  pressure  signals  from  each  of  the  sensors  are  received 
by  the  control,  whleli  Helecls  the  higher  of  the  Iwo  pressures,  This 
pres nu re  is  sonned  by  a  bellows  end  1h  amplified  through  a  force  balance 
servo  to  rotate  thu  thr ee-dirnonslonal  cluster,  plateau,  and  droop  governor 
cams  an  a  function  of  compressor  Inlet  tempoi  niurr. 

The  speed  servo  syatum  receives  its  input  signal  an  n  force  generated  from 
flyweights,  which  are  rotated  ul  on  ipm  proportional  to  the  engine  rpm, 

Thio  force  signal  is  amplified  by  a  force  balance  mechanism  to  translate 
the  three-dimensional  cluster  cam  bo  that  its  position  is  proportional  to 
the  flyweight  force,  Surge  and  over  tempera  lure  protection  for  any  con¬ 
dition  of  engine  speed  and  compressor  inlet  temperature  are  provided 
by  the  acceleration  contour  of  the  cluster  cam, 

Governing  rotor  apecd  is  BchocluJad  as  a  function  of  compraasor  inlet 
lernporatura,  The  do  aired  speed  is  represented  by  a  radius  on  the  speed 
countour  of  the  three-dimensional  dust'?*  cam,  The  cam  follower  moves 
a  roller  pivot  point  in  a  forco  balance  system,  resulting  In  a  specific 
servo  pressure  level  which  repraaentn  actual  rotor  speed,  This  signal 
is  supplied  to  the  axhaua);  nozzle  control  which  le  set  for  a  pressure  re- 
presenting  100%  governing  rotor  speed,  Any  variation  from  this  fixed 
pressure  represents  spend  error  and  la  amplified  through  a  servo  system 
to  operate  a  alldo  valve  for  supplying  hydraulic  prowsurn  to  thu  exhaust 
nozzle  actuators.  The  exhaust  nozzle  control  servo  system  utilizes 
both  a  proportional  system  for  fust  response  to  large  upend  error  sig¬ 
nals  and  an  Integrating  system  for  greater  accuracy. 

Also  Incorporated  in  the  governing  spend  control  system  is  the  capability 
to  limit  nozzle  aroa  to  a  value  leea  than  maximum  when  in  nonafterburning 
operation  and  to  remove  this  limit  when  afterburning  ia  initiated. 

A  pressure  level  representing  u  percentage  of  governing  rotor  speed 
oporutGs  a  hydraulic  switch,  providing  a  pressure  signal  to  arm  the 
afterburner  fuel  control. 

Additional  contour  cuts  on  the  speed-temperature,  three-dimensional 
cluuter  cam  provide  oignais  to  position  the  starting  blood  doors  and  the 
inlot  guide  vanes,  The  signal  is  amplified  through  a  servo  system  to 
a  force  that  io  capable  of  moving  the  two  high  pressure  slide  valves, 
supplying  hydraulic  pressure  to  the  bleed  door  actuators  and  the  Inlet 
guide  vane  actuators, 
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Thu  three-dimensional  plateau  cam  schedules  fuel  flow  ratio  as  n  function 
of  inlet  temperature  and  power  lover  position  during  operation  at  govern¬ 
ing  speed,  Droop  schedules  or  speed  governing  schedules  below  govern¬ 
ing  speeds,  are  computed  and  transmitted  to  the  multiplying  earn  follower 
as  a  function  of  engine  speed,  power  lever  position,  and  con, pressor  in¬ 
let  temperature  through  action  of  a  three-dimensional  governor  earn  and 
a  not  of  flyweights  separate  from  those  in  the  speed  servo, 

A  sequencing  pilot  valve  operated  by  the  power  lever  cam  direels  pres¬ 
sure  signals  to  operate  the  windmill  bypass,  low  idle,  shutoff,  and  drnin 
valve,  A  similar  power  levor-opsrated  sequencing  valve  is  used  to 
operate  the  thrust  reversor  (not  shown  on  schematic). 

The  control  also  prevents  excessive  pressure  differential  across  the 
engine  burner  case  by  a  cutback  in  the  multiplying  cam  at  the  limiting 
burner  pressure, 

Main  pump  discharge  fuel  entering  the  control  pusses  through  a  150-micron 
main  filter.  Servo  flow  is  further  screened  through  a  75-micorn  filter, 

(3)  Windmill  Bypass,  Low  Idle,  Shutoff,  and  Drnin  Vnlvo 

This  unit  provides  low  idle,  shutoff  and  bypass  valves  to  direct  fuel,  either 
to  all  the  engine  burner  noztile®  for  normal  operation,  to  the  low  idle  noz¬ 
zles  for  low  idle  operation,  or  to  the  recirculation  circuit  for  windmill 
operation  in  response  to  signals  from  the  main  fuel  control,  During  either 
normal,  low  idle,  or  bypass  operation,  this  unit  maintains  sufficient  fuel 
oystom  pressure  for  normal  servo  operation  in  the  main  fuel  control  and 
for  utilization  of  fuel  flow  for  cooling  the  lubricating  oil  in  the  main  fuel¬ 
oil  cooler. 


,'alvs  Is  provided  within  t.iia  ,, ,u i, 
fuol  manifold  when  the  engine  is  shut  down, 
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(4)  Afterburner  Fuel  Pump 


The  afterburner  fuel  pump  (Figure  2B-fid)  Is  a  continuous  duly,  turbine 
driven,  centrifugal  fuol  pump  designed  to  deliver  required  afterburner 
fuel  flow  and  proaoure,  Compressor  discharge  pressure  air  ie  supplied 
to  the  turbine  through  a  butterfly  valve,  The  butterfly  valve  position  is 
controlled  by  the  afterburner  fuel  control  to  drive  the  afterburner  pump 
at  a  speed  required  to  provide  the  necessary  fuel  pressure.  Tills  mini¬ 
mizes  the  fuel  temperature  rise  and  the  amount  of  compressor  bleed 
airflow  required.  The  airflow  metered  by  the  butterfly  valve  passes 
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into  a  volute,  thou  through  the  turbine  nozzlea  and  the  pxial  flow  turbine 
blades  and  is  then  exhauated  through  a  venturi.  The  venturi  creates  a 
vortex  in  the  turbine  discharge  air  during  overapeeda,  which  impi  sea 
a  buck  pressure  proportional  to  the  overaperd,  thus  providing  an  ef¬ 
fective  spued  lirrbtir.e  device  with  no  moving  parte. 

The  pump  Impeller  incorporates  an  axial  flow  fuel  Inducer  to  minimize! 
inlet  pressure  requirement,  and  a  centrifugal  impeller.  Fuel  leaving 
the  Impeller  flows  into  a  volute  and  la  diffused  through  an  outlet  nozzle 
which  terminatoa  at  a  discharge  flange. 

Engine  fuel  is  supplied  from  the  turbopump  dlschargo  through  a  fixed 
orifice  to  lubricate  the  ball  bearings  at  both  the  pump  and  turbine  ends 
of  the  uhaft  and  to  provide  continuouo  fuel  cooling  for  the  rotating  shaft 
sea)  and  bearing  compurtment.  The  shaft  aeal  provides  fucl-to-air  scaling, 
with  an  Intervening  overboard  drain. 


t 


(3)  Afterburner  Fuel  Conlrol 

The  afterburner  fuel  control  is  a  hydromechanicai  unit  which  schedules 
metered  fuel  flow  as  a  function  of  power  lover  position,  bur  nor  preeuuro 
(P^),  and  compraiuior  Inlet  temperature  (Tt;>}.  Schematic  drawing  of 
this  component  are  shewn  on  Figures  2B-08  and  2B-75. 


The  fuel  metering  throttle  valve  is  positioned  as  a  function  of  main  en¬ 
gine  burner  pressure  biased  by  power  lover  position  and  T^*  The  power 
lover  system  establishes  tho  nominal  position  of  the  rate  bar,  and  the 
system  establishes  a  roller  position  along  the  rate  bar.  The  output 
of  the  power  lover  cam  Is  biased  by  a  thr ae-dimenaiom  1  ')\i  cam.  A 
pilot  valve  operated  servo  system  provided;  force  amplification  and  es¬ 
tablishes  a  rate  lever  angle  proportional  to  tho  desired  power  lever 
system  position.  The  throttle  valve  is  spring  loaded  against  tho  roller 
so  that  throttle  valve  position  le  proportional  to  rate  bar  angle  and 
roller  position,  In  the  minimum  fuel  flow  condition,  the  throttle  valve 
is  fully  closed  and  the  minimum  fuel  flow  Is  established  by  an  adjustable 
orifice  In  parallel  with  tho  throttle  valve, 


Burner  pressure  Is  measured  by  a  bellows  system  referenced  to  zero 
absolute  presBUre,  The  resultant  bellows  force  is  utilized  within  a  null 
balance  feedback  servo  syotom  to  establish  Pj  servo  shaft  position, 

Tho  roller  position  ifl  mechanically  established  by  the  servo  shaft 
position. 
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Cornpresoor  inlet  temperature  is  measured  by  a  gas-filled  bulb  at  the 
engine  inlet.  The  resulting  gas  prcBoure  is  amplified  by  a  servo  sys¬ 
tem  to  rotate  a  three-dimensional  earn  within  the  Pjj  servo  system, 

Throttle  valve  pressure  drop  is  controlled  to  a  fixed  value  by  a  pressure 
regulating  valve  in  series  with  the  throttle  valve,  Thu  differential 
pressure  across  the  throttle  valve  is  used  by  the  pressure  regulator 
sensor  to  establish  the  pressure  regulating  valve  position. 

The  pump  controller  employs  a  proportional  plus  Integral  aervo  system 
to  posUion  the  butterfly  valve  in  the  afterburner  fuel  pump  air  supply 
line  to  maintain  a  fixed  differential  pressure  from  throttle  valve  inlet 
tn  prn.> ’uv regulating  valve  discharge.  T 33y  controlling  this  differential 
pressure  in  the  desired  value,  sufficient  fuel  pressure  is  assured  with¬ 
out  the  pump  operating  at  an  excessive  speed  and  discharge  pressure. 

A  rupture  disk  Is  provided  within  the  pump  controller  to  close  the  but¬ 
terfly  valve  in  the  event  of  a  failure  which  would  cause  excessive 
pressures  within  the  afterburner  fuel  system. 

Initiation  of  afterburning  requires  both  the  proper  power  lever  position 
and  a  predetermined  minimum  percentage  of  governing  speed.  When 
afterburner  operation  is  initiated,  aiter burner  fuel  pump  discharge 
pressure  is  supplied  to  the  servo  side  of  the  recirculating  valve  to 
close  it,  and  afterburner  pump  inlet  pressure  is  supplied  to  the  spring 
side  of  the  shutoff  valve  allowing  it  to  open,  Afterburner  shutoff  re¬ 
quires  that  the  power  lever  be  in  the  nonaftorbuming  region  regardless 
of  the  engine  speed,  This  supplies  afterburner  fuel  pump  Inlet  pres 
sure  to  the  sequencing  valve,  which  reverses  the  above  pressures  to 
the  recirculating'  valve  and  shutoff  valve,  thus  causing  the  shutoff  valve 
to  close  and  the  recirculation  valve  to  open,  During  noi.-afterburning 
operation  a  minimum  fuel  flow  is  returned  through  the  recirculating 
valve  tn  the  thermal  bypass  valve  for  control  and  lubrication  oil  cooling, 
Snap  action  1b  acnieved  in  the  sequencing  valve  through  the  use  of  spring- 
loaded  balls  and  latching  detents  in  the  valve  bore. 

The  sequencing  valve  ports  afterburner  pump  discharge  pressure  and 
afterburner  fuel  control  body  pressure  to  a  two-position  switching  valve 
which  supplies  operating  signal  pressures  to  the  afterburner  sprayring 
drain  valves.  When  the  afterburner  fuel  control  is  in  a  non-afterburning 
condition,  the  switching  valve  supplies  afterburner  pump  discharge 
pressure  to  the  sprayring  drain  valve  actuator  piston  to  open  the  drain 
valves;  when  in  an  afterburning  condition,  pump  discharge  pressure  is 
supplied  to  close  the  drain  valves.  In  both  cases,  the  switching  valve 
vents  the  low  pressure  aide  of  the  drain  valve  actuator  piston  to  the 
afterburner  control  body, 
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The  large  turndown  ratio  of  the  STJ22?  engine  requires  a  second  zone 
in  the  afterburner.  A  duplicate  pressure  regulating  valve  and  a  three- 
dimensional  cam  are  required  (not  shown  in  the  Figure  2B-B (J),  The 
second  zone  Is  selected  by  the  power  lever-operated  sequencing  valve  in 
the  afterburner.  The  afterburner  control  fuel  scheduling  cams  can  be 
contoured  to  provide  reduced  fuel/air  ratio  at  high  T^  to  provide  optimum 
thrust-drag  relationship  as  an  option  if  required. 

A  20-mesh  screen  located  in  the  control  inlet  filters  the  metered  fuel 
flow  to  protect  the  unit  from  foreign  matter.  A  40-micron  screen  i0 
also  located  at  the  control  inlet  to  filter  the  servo  fuel  flow.  The  40- 
micron  screen  is  continually  washed  by  control  inlet  fuel  flow,  reducing 
the  possibility  of  clogging.  A  relief  valve  la  provided  to  bypass  the 
40-micron  screen  In  the  event  of  clogging. 

A  fuel-oil  cooler  is  located  In  the  Zone  I  fuel  discharge  line  of  the 
afterburner  fuel  control,  requiring  a  remote  afterburner  control  shut¬ 
off  and  recirculating  valve  downstream  of  the  fuel-oil  cooler. 

(6)  Afterburner  Manifold  Drain  Valves 

The  afterburner  manifold  drain  valves  are  hydromechanical  shear  typo 
gate  valves  with  a  motal-to-metal  gate  seal,  Two  valves  are  provided, 
one  for  each  afterburner  zone  manifold.  The  gate  is  opened  or  closed 
by  an  actuator  rod  connected  mechanically  to  the  actuator  piston.  The 
actuator  piston  is  pressure  operated  by  signals  from  the  afterburner 
control  to  operate  the  valve  simultaneously  with  the  sequencing  of  the 
switching  valves  in  the  afterburner  control, 

(7)  Hydraulic  System 

The  hydraulic  system  utilizes  engine  fuel  to  provide  a  high  pressure 
working  fluid  for  control  and  actuation  of  the  exhaust  nozzle,  starting 
bleed  doors,  Inlet  guide  vanea,  and  the  engine  thrust  reverser.  The 
system  schematic  and  pump  characteristics  are  presented  in  Figures 
2B-72  and  2J3-89. 

Fuel  is  supplied  to  the  hydraulic  pump  from  the  main  fuel  pump  boost 
stage.  The  engine-driven  hydraulic  pump  is  a  fixed  angle,  variable 
delivery,  pressure  compensated,  piston-type  pump  which  discharges 
fuel  at  a  high  working  pressure.  Pump  discharge  fuel  passes  through 
a  10-micron  self- relieving  filter.  Hydraulic  system  loop  cooling  is 
provided  by  high  pressure  fuel  diverted  from  the  hydraulic  system  to 
the  afterburner  fuel  control  and  the  windmill  bypass  valve  return  lines; 
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(8)  Fuel-Oil  Coolers 
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also  low  pressure  fuel  from  the  hydraulic  pump  case  is  returned  to 
the  main  fuel  pump  boost  stage.  Fuel  supplied  from  the  main  fuel  pump 
replaces  fuel  which  leaves  the  system  through  cooling  lines  and  drains. 


'Two  fuel-oil  coolers  provide  cooling  for  the  engine  lubricating  oil  by 
using  engine  fuel  and  afterburner  fuel  as  the  heat  absorbing  fluid.  When 
the  temperature  of  the  fuel  supplied  to  the  main  burners  is  excessive, 
fuel  is  returned  to  the  aircraft  tank  by  a  suitable  bypass  valve. 

Oil  temperature  is  controlled  by  using  a  minimum  fuel  flow  constantly 
directed  through  the  cooler  core.  A  pressure  relief  valve  is  incorpo¬ 
rated  to  bypass  excess  fuel  around  tho  cooler  core  during  high  fuel  flows 
and  in  the  event  of  dogged  fuel  passages, 

(9)  Ignition  System 

A  separate  low  tension,  dual-spark  Ignition  system  is  provided  for  both 
main  burner  and  afterburner  ignition.  Fuel  is  used  to  cool  the  critical 
exciter  components,  thus  malting  is  possible  to  use  electrical  com¬ 
ponents  similar  to  those  on  existing  commercial  engines, 

An  automatic  restart  switch  can  be  provided  as  optional  equipment  for 
the  main  burners.  This  switch  senses  enginor  burner  pressure  and 
actuates  the  Ignition  system  in  the  event  of  an  engine  flamoout. 

A  more  complete  discussion  of  the  electrical  ignition  system  and  tests 
of  systems  under  SST  environment  are  reported  for  tho  STFZ19  engine 
in  this  report, 

(10)  Thrust  Reverser  Control 


The  position  of  the  thrust  reverser  and  level  of  reverse  thrust  are  con¬ 
trolled  by  the  power  lever  as  shown  in  Figure  2B-83.  The  system 
operates  the  same  as  current  subsonic  jet  revereers,  It  is  anticipated 
that  the  control  for  the  system  will  be  incorporated  in  the  main  fuel 
control, 
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(11)  Aerodynamic  Brake  Control 

The  aerodynamic  brake  is  provided  to  reduce  engine  windmilling  rpm 
during  emergency  conditione.  The  brake  ia  actuated  by  pneumatic 
actuators  pressurized  by  a  solenoid  operated  valve  from  the  airframe 
high  pressure  supply,  The  electrical  signal  to  the  solenoid  ia  provided 
by  a  manually  operated  cockpit  switch  with  suitable  interlocks  with  the 
main  fuel  control  to  prevent  inadvertent  operation, 

(12)  Oil  Tank 

The  oil  tank  is  located  immediately  in  front  of  the  main  fuel  pump  and 
control,  and  is  sized  for  a  seven  gallon  useable  oil  capacity  with  al-  j 

lowance  for  the  oil  expansion  associated  with  maximum  temperature  i 

operation.  The  design  incorporates  the  necessary  breather  and  anti-  j 

siphon  connection  as  well  as  filler  and  overflow  fittings.  Con¬ 
struction  is  patterned  after  the  JT11D-20  oil  tank. 

i 

i 

(13)  Main  Oil  Pump  i 

j 

The  main  oil  pump  design  is  predicated  on  utilizing  the  design  principles  | 

incorporated  into  the  JT11D-20  oil  pump,  with  gear  and  houalng  changes  I 

to  increase  flow  capacity  approximately  50  percent,  and  to  optimize  the 
space  available.  The  pump  contains  the  usual  filter  elumont  and  pres¬ 
sure  regulating  and  (cooler)  bypass  valves.  It  employe  carbon  bushings, 

PWA  724  gears,  and  a  cast  housing. 

e.  Component  Arrangement 

(1)  Introduction 

The  general  arrangement  of  mujor  components  on  the  STJ227  engine 
has  followed  the  concept  of  keeping  the  bottom  quadrant  of  the  engine 
free  of  controls,  pumps,  actuators,  and  lines  that  contain  either  fuel 
or  oil.  Exceptions  are  the  fuel  dump  valveB  which,  together  with  as¬ 
sociated  supply  manifolds,  can  be  emptied  of  fuel  at  the  pilot's  dis¬ 
cretion  by  Initiating  afterburner  or  main  engine  shutdown  action  when 
involved  in  emergency  landing  operations.  The  engine  inotallation 
arrangements  shown  in  Figures  2B-90  and  2B-91  indicate  that  most 
components,  including  the  engire  accessory  gearbox,  are  mounted  1 

along  the  sides  of  the  engine.  § 
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Another  basic  consideration  for  arranging  components  is  to  achieve 
the  smallest  practical  nacelle  diameter  consistent  with  the  desire  to 
use  components  of  proven  design  concepts  and  to  make  adequate  pro¬ 
visions  for  secondary  air  bypass  passages  while  maintaining  a  high 
degree  of  component  commonality  in  design  and  location. 

The  engine  accessory  gearbox  is  driven  by  a  towershaft  that  is  located 
in  the  horizontal  plane  and  on  the  right  hand  side  of  the  engine.  The 
power  take-off  and  starter  pad  provisions  are  located  on  the  top  of  the 
STJ 227  engine.  The  Boeing  installation  requires  direct  coupling  to 
this  pad;  the  pad  drives  an  angle  gearbox  for  the  Lockheed  installation. 
For  the  Lockheed  installation  all  components  are  arranged  to  be  com¬ 
patible  with  the  angle  gearbox  and  a  Lockheed- required  fuel  heater. 

For  the  Boeing  installation  all  components  are  arranged  to  be  com¬ 
patible  with  the  bypass  ducts, '  With  these  exceptions,  commonality 
between  the  engines  is  maintained. 

Ihe  eight  bypass  ducts  (Boeing)  are  each  6.  00  inches  in  diameter,  with 
flattened  and  curved  sections  at  each  end  to  provide  clearance  with  the 
airframe  and  to  maintain  an  efficient  aerodynamic  flowpath,  Provisions 
have  been  made  for  suitable  bellows  expansion  joints  and  duct  supports 
to  accommodate  thermal  effects  and  pressure  loading. 

(2)  Main  Fuel  System 

The  main  fuel  pump  and  control  are  mounted  as  a  unit  on  the  front  of 
the  gearbox  Just  above  the  engine  horizontal  axis.  Three  ball  joint 
links  on  the  pump-control  package  connect  to  the  engine  case  to  provide 
a  non-redundant  mount  system.  This  mount  system  has  been  success¬ 
fully  used  on  the  JT11D-20,  The  fuel  pump  inlet  is  located  near  the  top 
of  the  engine  allowing  for  direct  routing  of  plumbing  between  the  pump 
and  airframe. 

The  windmill  bypass,  low  idle,  and  drain  valve  is  located  on  the  bottom 
of  the  engine  to  provide  complete  draining  of  the  main  fuel  manifolds 
and  nozzles.  External  components  were  arranged  to  leave  open  space 
directly  outboard  of  each  of  the  32  fuel  nozzles  for  accessibility. 

The  exhaust  nozzle  control  used  in  the  fuel/hydraulic  system  is  identical 
to  the  unit  developed  for  the  JT11D-20  engine.  It  has  been  located  at 
the  left  aide  of  the  engine  to  keep  hydraulic  system  fuel  from  the  lower 
quadrant. 
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There  are  four  sets  of  hydraulic  actuators  on  the  STJ227  -  the  inlet 
guide  vane  actuators,  the  starting  bleed  system  actuators,  the  exhaust 
nozzle  actuators,  and  the  reverser-ejector  actuators.  The  two  inlet 
guide  vane  actuators  are  located  180®  apart,  the  lower  one  being  45° 
up  from  the  vertical  centerline  on  the  right  side  of  the  engine.  The 
three  starting  bleed  door  actuators  are  located  approximately  120® 
apart  with  the  two  lower  ones  located  30°  below  the  engine  horizontal 
centerline  on  either  side  of  the  engine.  The  eight  exhaust  nozzle  actu¬ 
ators  are  housed  inside  the  struts  at  the  corners  of  the  ejector  struc¬ 
ture  just  aft  of  the  ejector  mount  ring.  The  design  and  installation  of 
the  reverser-ejector  actuation  system  is  covered  in  Section  IXI-9. 

The  two  aerodynamic  brake  actuators  are  located  180°  apart  on  the 
engine  vertical  centerline.  These  are  actuated  by  an  airframe  pneu¬ 
matic  power  source  which  is  supplied  through  a  main  fuel  control 
interlock. 

(3)  Afterburner  Fuel  System 

The  afterburner  turbopump  and  control  are  located  on  the  left  side  of 
the  engine.  The  pump  is  located  in  the  upper  quadrant  to  facilitate 
piping  from  airframe  to  inlet. 

The  afterburner  control  is  mounted  directly  beneath  the  afterburner 
pump  unit  to  give  a  direct  mechanical  linkage  between  the  control  and 
the  turbopump  air  inlet  control  valve. 

The  afterburner  fuel  manifold  check  and  drain  valves  are  located  on 
the  bottom  engine  centerline  with  the  Zone  I  valve  just  aft  of  the  rear 
mount  ring  and  the  Zone  II  valve  just  forward  of  the  rear  mount  ring. 

(4)  Hydraulic  System 

The  engine  hydraulic  pump  is  mounted  on  the  aft  side  of  the  gearbox 
just  below  the  engine  horizontal  centerline.  Drive  pads  for  mounting 
two  airframe  hydraulic  pumps  (Boeing)  are  also  located  on  this  side 
of  the  gearbox  above  the  engine  horizontal  centerline.  The  location 
of  the  airframe  hydraulic  pumps  will  facilitate  plumbing  between  the 
pumps  and  the  airframe. 
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(5)  Lubrication  System 

The  oil  tank  is  located  immediately  in  front  of  the  main  fuel  pump  and 
control.  It  is  supported  by  three  brackets  designed  to  provide  a  non- 
redundant  mount  system. 

The  oil  pressure  pump  is  mounted  low  on  the  front  of  the  gearbox  to 
place  the  oil  inlet  in  a  favorable  position  relative  to  the  oil  tank  outlet. 

The  main  and  afterburner  coolers  are  located  on  the  right  and  left  side 
of  the  engine,  respectively.  This  provides  the  most  direct  routing 
of  fuel  lines  from  the  controls  through  the  coolers  to  the  drain  valves 
and  nozzles.  The  oil  scavenge  pump  is  located  at  the  bottom  of  the 
engine  accessory  gearbox  approximately  45°  below  engine  horizontal 
centerline  and  returns  scavenge  oil  from  the  number  2  and  3  bearing 
compartments  and  engine  accessory  gearbox  to  the  oil  tank. 

(6)  Ignition  System 

Two  electrical  exciters  are  installed  -  one  each  for  the  main  and  after¬ 
burner  ignition  systems,  The  main  exciter  is  located  on  the  le'T  side 
of  the  compressor  case  approximately  20°  above  the  engine  horizontal 
centerline,  The  afterburner  exciter  is  located  on  top  of  the  diffuser 
case.  These  locations  provide  good  harness  routing  both  from  the  air¬ 
frame  and  'o  the  igniters. 

Two  spark  igniters  are  provided  for  the  main  combustion  chamber  and 
two  for  the  afterburner.  The  main  igniters  aro  located  on  either  side 
of  the  engine  exactly  in  line  with  fuel  nozzle  bosses  approximately  45° 
below  engine  horizontal  centerline.  The  twe  afterburner  igniters  are 
installed  180°  apart  on  the  engine  horizontal  centerline  just  forward 
of  the  afterburner  nozzles.  All  igniters  can  be  removed  without 
additional  engine  disassembly. 


14.  ENGINE  MOUNT? 


a.  General 

The  STJ227  mount  configuration  is  similar  to  the  STF219,  The  basic 
difference  is  in  the  engine  diameter  and  the  distance  between  the  front 
and  rear  mounts,  The  variations  between  the  two  configurations  and 
between  the  two  airframe  contractors  are  presented  m  Figures  2B-92 
and  2E-93, 
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A  number  of  engine  mount  schemes  were  reviewed  with  both  LocKheed 
and  Boeing  during  the  STF219  Phase  11-A  study  period.  Due  to  the 
differences  in  nacelle  concepts  for  each  installation,  two  different 
mount  configurations  were  tentatively  agreed  upon.  These  configurations 
were  thoroughly  discussed  in  Phase  Il-A  (Section  18).  Except  for 
minor  alterations  based  on  engine  diameter  and  length  changes,  neither 
mounting  was  changed  during  Phase  II-B,  The  STJ219  mount  system 
was,  therefore,  scaled  down  by  the  engine  diameter  change  to  fit  the 
STJ227.  The  maximum  allowable  flight  loads  are  given  in  Figures 
2B-94  and  2B-95  for  the  Lockheed  and  Boeing  installation,  respectively. 


b.  Materials 


The  STJ227  front  mount  is  titanium  (AMS  4926)  and  the  rear  mount  is 
Waspaloy  (PWA  1004)  for  both  the  Boeing  and  Lockheed  installations. 
The  rear  mount  of  the  STJ227  is  an  integral  part  of  the  turbine  exhaust 
case  (Figure  2B-53)  and  will  experience  metal  temperatures  within  the 
acceptable  limits  of  Waspaloy.  The  temperature  of  the  front  mount 
for  both  engines  will  not  exceed  525 °F  (inlet  air  temperature).  This 
is  well  within  the  temperature  limit  for  titanium. 

c.  Mount  Ring  Structure 


The  structural  analysis  of  the  front  and  rear  mount  is  similar  to  the 
stress  analysis  of  reinforced  circular  cylinders  subjected  to  lateral 
loads  (NACA  Tech  Note  No.  1310).  This  solution  considers  the  effect 
of  shell  stiffening  from  the  adjacent  shells  and  inner  structure  on  the 
mount  ring.  It  has  been  experimentally  verified  by  laboratory  testing 
and  used  in  the  design  and  development  of  the  JT.llD-20  mount  system 

(1)  Front  Mount 
(a)  Lockheed 


The  front  mount  ring  is  incorporated  in  the  compressor  inlet  guide 
vane  assembly.  The  Lockheed  inlet  case  assembly  is  shown  in  Figure 
2B-32.  This  assembly  is  a  weldment  consisting  of  an  inner  and  outer 
ring  connected  by  rigid  radial  struts  (refer  to  the  Section  III-l,  Inlet 
Section  for  detailed  description).  Mount  loads  are  applied  through  a 
ball  joint  at  a  locally  reinforced  section  of  the  outer  ring.  These  loads 
are  resisted  by  tangential  shearing  forces  in  the  adjacent  cases  and  by 
the  radial  stiffness  of  the  inner  and  outer  ring  assembly.  Any  distor¬ 
tion  in  the  outer  ring  is  resisted  by  the  adjacent  case  stiffness  (shell 
stiffening)  and  through  he  struts  to  the  inner  ring.  The  inner  ring  will 
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be  the  major  contributor  to  stiffness.  The  deflection  of  a  ring  under 
radial  loads  is  proportional  to  the  cubed  power  of  the  radius.  There¬ 
fore,  the  small  diameter  of  the  inner  ring  acts  as  a  very  stiff  hub, 
resulting  in  a  considerable  weight  saving.  This  type  of  structure  has 
been  utilized  very  satisfactorily  for  several  basic  structures  in  the 
JT11D-20  and  other  Pratt  &  Whitney  Aircraft  engines. 

(b)  Boeing 

Airframe  requirements  for  bleeding  inlet  air  from  the  front  of  the 
engine  for  nozzle  secondary  air,  as  defined  in  Figure  2B-96 
necessitated  an  overhung  front  mount.  Therefore,  the  inlet  case  could 
not  be  utilized  for  ring  stiffness.  This  will  result  in  a  larger  mount 
ring.  Mount  loads  are  applied  through  a  ball  joint  at  one  location  and 
a  clevis  joint  at  another  (Figure  2B-93).  These  points  are  locally 
reinforced.  Mount  loads  are  transmitted  from  the  mount  ring  to  the 
inlet  structure  by  28  local  axial  struts.  These  struts  are  uniformly 
distributed  around  the  circumference  of  the  engine.  This  type  of 
structure  is  used  satisfactorily  in  the  JT11D-20. 


(2)  Rear  Mount 

The  rear  mount  ring  is  located  outside  of  the  turbine  exhaust  vanes  for 
both  engine  installations  (as  shown  in  Figure  2B-53).  The  turbine  ex¬ 
haust  vanes  are  radially  free  at  the  O.  D.  and  will  not  provide  reinforce¬ 
ment  to  the  rear  mount.  The  mount  is  deflection  limited  due  to  turbine 
blade  tip  clearance  requirements.  The  mount  stiffness,  which  includes 
the  effect  of  shell  stiffening  from  the  adjacent  cases,  was  sized  to  limit 
the  relative  deflection  (radially)  between  the  number  2  turbine  blade  tip 
and  outer  case  to  0.  025  inch.  This  deflection  criterion  is  a  result  of 
JTi ID-20  experience  which  has  a  similar  structure. 

Originally,  the  ejector -reverser  mount  ring  was  used  for  the  main  en¬ 
gine  mount;  however,  later  studies  resulted  in  a  separate  mount  ring. 
The  primary  reason  for  this  relocation  was  to  move  the  engine  support 
out  of  the  afterburner  flsmeholder  area. 

The  mount  loads  are  applied  to  the  rear  mount  ring  through  tangential 
links  (as  noted  in  Figures  2B-92  aud  2B-93  for  both  installations.  This 
system  was  adapted  to  minimize  ring  deflection.  Because  the  support 
is  essentially  a  free  ring,  radial  loads  would  result  in  excessive  de¬ 
flections. 
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15.  BLEED  AND  VENT  SYSTEMS 
a.  Introduction 


The  following  description  of  the  bleed  systems  refers  to  those  ports 
or  lines  that  extract  air  from  the  engine  for  airframe  use  and  for  engine 
components.  Internal  bleeds  used  for  thrust  balance  and  disk  and  blade 
cooling  are  discussed  in  detail  in  their  respective  sections  of  the  report 

The  bleed  flow  requirements  for  the  SST  airframe  were  based  on  a 
composite  estimate  from  both  airframe  companies  obtained  through 
field  coordination.  Experience  gained  in  the  JT11D-20  development 
program  was  also  used  in  determining  the  engine  bleed  flow  requirements. 

Two  sources  for  bleed  air  are  provided*  ports  on  the  engine  outer  case 
bleea  air  from  the  fourth  stage  compressor  exit  to  provide  engine 
starting  bleed  and  to  supply  pressurization  for  the  engine  bearing  com¬ 
partment  seals;  slots  in  the  leading  edge  of  the  eight  compressor  dif¬ 
fuser  struts  provide  air  for  cabin  pressurization,  fuel  de-icing, 
airframe  anti-icing,  engine  inlet  guide  vane  anti-icing,  and  engine 
afterburner  turbopump  power. 

In  addition  to  supplying  air,  the  compressor  diffuser  struts  have  area 
available  fcr  vent  lines  for  several  internal  sections  of  the  engine. 

Seal  pressurization  supply  and  vent  lines  for  the  number  1,  2,  and  3 
bearing  compartments  pass  through  the  struts.  Also,  the  thrust  balance 
chamber  aft  of  the  last  compressor  disk  is  vented  to  the  outer  diameter 
of  the  engine  case.  At  this  point  the  discharge  air  is  vented  to  the  nacelle. 
Figure  2B-97  presents  a  summary  of  bleed  flow  estimates  for  all 
supply  and  vent  systems. 

b.  Design  Features 

The  selection  of  the  bleed  locations  is  based  on  obtaining  a  mechanical 
design  without  sacrificing  pressure  and  temperature  requirements.  In 
several  instances,  the  bleed  locations  could  have  been  at  intermediate 
compressor  stages,  but  this  involves  bleed  manifolds  and  case  flanges 
causing  unnecessary  complexity, 

T  p  ilrframe  ,J.nd  engine  bleed  systems  that  utilize  diffuser  struts  are 
si  ppJied  and  vented  as  shown  in  Figures  2B-98  and  2B-99.  This  system 
cor  lists  of  partitioned  struts  with  leading  edge  slots  and  a  continuous 
antuUr  1 tit  ue'  a'  the  inner  diameter.  Air  pickup  at  the  strut  leading 
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edges  is  located  toward  the  inner  ends  of  the  struts  to  provide  a  source 
of  clean  air  for  airframe  use.  The  compressor  discharge  air  that  is 
contained  within  the  strut-manifold  system  is  available  at  the  outer 
engine  case  flanges. 


The  diffuser  struts  also  provide  passages  for  supply  and  vent  lines  for 
the  number  2  and  3  bearing  compartment  labyrinth  seal  pressurization 
flow,  and  for  vent  areas  for  the  seal  leakage  flow  that  enters  the  thrust 
balance  chamber  aft  of  the  last  stage  compressor  disk. 

Cooling  flow  is  required  for  the  turbine  exit  guide  vanes  and  the  after¬ 
burner  duct  system  at  turbine  inlet  temperatures  greater  than  2000 °F, 
This  cooling  flow  will  be  bled  from  the  sixth  stage  compressor  location. 


The  requirements  for  bearing  compartment  seal  pressurization  flow 
are  primarily  low  temperature  and  sufficient  pressure  at  all  engine 
flight  conditions.  Fourth  stage  compressor  air  satisfies  these  re¬ 
quirements,  and  because  it  has  a  plenum  available,  this  bleed  point 
was  selected. 


Anti-icing  bleed  extraction  from  the  main  diffuser  struts  is  based  on 
accessibility  and  availability  of  high  temperature  air. 


The  starting  bleed  system  on  the  engine  is  quite  similar  to  the  JT11D-20 
system.  The  location  of  the  bleed  is  aft  of  the  fourth  stage  compressor 
stator.  Three  actuators,  operated  by  hydraulic  system  pressure  and 
controlled  by  engine  speed,  open  and  close  the  bleed  ports. 


Bleed  System  Testing  and  Development  Background 


The  STJ227  bleed  system  utilizes  a  design  similar  to  that  used  on 
the  JT11D-20.  Extensive  testing  of  this  basic  system  at  flight  Mach 
numbers  and  altitudes  greater  than  those  required  for  the  SST  has 
proved  the  adequacy  of  the  design  with  respect  to  available  pres¬ 
sures  and  temperatures. 
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Testing  of  the  bleed  system  on  the  JT11D-20  at  simulated  flight  con¬ 
ditions  using  appropriate  pressure  and  temperature  instrumentation 
in  the  compressor  diffusers  has  allowed  determination  of  the  bleed 
system  flow-pressure  drop  relationship.  These  test  data  have  been 
generalized  into  flow  function  curves  based  on  main  engine  diffuser 
Mach  number.  Resulting  correlation  curves  can  be  used  to  describe 
the  flow  relationships  from  the  main  engine  diffuser  through  the  strut- 
manifolding  system  to  the  outer  case  bleed  ports.  This  method  of 
analysis  is  easily  applied  to  the  STJ227  bleed  system. 

Venting  of  the  chamber  aft  of  the  last  stage  compressor  disk  to  control 
thrust  balance  has  been  tested  on  a  JT11D-20  at  various  flight  conditions. 
These  tests  have  demonstrated  the  ability  to  vent  air  from  this  chamber 
through  diffuser  struts.  System  testing,  in  addition  to  analysis,  has 
demonstrated  that  control  of  thrust  bearing  load  by  this  method  is 
practical, 

d.  Calculation  Procedure 

The  entire  engine  bleed  system  is  sized  and  analyzed  with  respect  to 
flow  area  and  pressure  drop  using  available  computer  programs. 

These  programs  permit  the  determination  of  pressure  drop-flow  re¬ 
lationships  for  orifices,  seals,  and  supply  and  vent  lines.  Compressible 
flow  relationships  (e.g,  velocity  head  loss  coefficients,  flow  with 
friction  anu  heat  addition)  are  available  in  these  programs. 


16.  THRUST  BALANCE 

a.  Introduction 

The  term  "thrust  balance"  refers  to  the  algebraic  sum  of  forces  mat- 
act  on  rotating  parts  of  the  compressor  and  turbine,  and  it  is  the  net 
sum  of  these  forces  that  determines  the  load  acting  on  the  engine  thrust 
bearing.  The  load  is  held  within  allowable  limits  by  controlling  the 
static  pressure  of  all  chambers  that  are  inboard  of  the  main  gas  stream. 
In  addition  to  satisfying  thrust  balance  requirements,  the  airflow  rates 
and  air  temperatures  in  these  chambers  must  be  compatible  with  cool¬ 
ing  requirements  of  the  compressor  and  turbine  disks  and  blades, 

b.  Components  of  Net  Bearing  Load 

Figure  2B-100  typifies  the  forces  acting  on  a  turbojet  rotor.  The  figure 
shows  a  single  stage  compressor  tied  to  a  single  stage  turbine,  with 
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the  shaft  supported  by  a  single  thrust  bearing.  Using  schematic  no¬ 
menclature,  the  net  bearing  load  would  be  defined  by  the  following 
equation. 

Net  Load  =  [p3*3  +  P2A2  +  Lc  +  P6A61  -  [PjA,  +  P4A4  +  P5A5  +  lJ  , 
where: 

P  =  static  pressure  of  air  in  the  particular  chamber 
A  =  projected  area  on  which  the  pressure  acts 
L  =  aerodynamic  (P)  (A)  plus  momentum  blade  loads 

c.  Design  Requirements 


\ 


j. 

A 


The  design  of  the  main  shaft  thrust  bearing  requires  the  mean  ef¬ 
fective  load  of  a  magnitude  to  provide  high  bearing  reliability  for 
the  life  of  the  engine.  Secondly,  the  minimum  loads  should  be 
sufficient  to  prevent  skidding.  This  occurs  when  the  load  on  the 
bearing  is  too  small  to  generate  enough  friction  between  the  balls 
and  races  to  overcome  the  gyroscopic  loads  generated  by  the  balls. 
Extensive  testing  and  bearing  dynamic  analysis  have  provided 
Pratt  &  Whitney  Aircraft  with  a  method  of  predicting  minimum  loads. 

When  a  bearing  undergoes  loads  of  varying  magnitudes,  the  life  must 
be  determined  using  a  mean  effective  load.  Since  life  is  inversely 
proportional  to  the  cube  of  the  load,  a  high  load  can  have  a  considerable 
effect,  even  though  it  acts  for  only  a  small  portion  of  the  total  life. 

The  mean  effective  load  is  integrated  throughout  a  mission  cycle. 

It  is  determined  by  taking  tho  cube  root  of  the  summation  of 
the  different  loads  multiplied  by  the  number  of  revolutions,  and  divided 
by  the  total  number  of  revolutions. 

3 

Mean  Effective  Load  (MEL) 

MEL  4/-^-—— 

*  5> 


+  Fnij  +  -  -  -  - 
mj  +  +  -  -  - 


where: 

F  =  the  load  acting  during 
m  revolutions 
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For  turbojet  operation,  where  rotor  speeds  do  not  vary  widely,  it  is 
sufficiently  accurate  to  use  a  constant  rotational  speed.  Therefore, 

(m)  in  the  above  equation  becomes  percent  of  mi.-iFion  time. 

A  summary  of  the  loads  presently  estimated  for  the  STJ227  engine  is 
presented  below.  These  loads  are  based  on  a  B-10  life  of  10,000  hours 
evaluated  at  5000  rpm.  The  maximum  load  is  that  which  will  result  in 
a  150  hour  B-10  life. 

Minimum  Skid  Load  (lb)  3,750 

Maximum  Allowable  Load  (lb)  48,000 

Mean  Effective  Load  (lb)  12,000 


If  a  bearing  is  lubricated,  handled,  and  mounted  correctly,  all  possible 
causes  of  failure  are  eliminated  except  one:  fatigue  of  the  balls  or 
races.  The  life  of  an  individual  bearing  is  defined  as  the  number  of 
hours  at  constant  speed  and  load  that  the  bearing  is  capable  of  attaining 
before  evidence  of  fatigue  develops  in  the  race  or  rolling  element. 
Bearing  life  varies  inversely  with  speed  and  with  the  cube  of  the 
applied  load.  If  a  group  of  identical  bearings  are  run  under 
the  same  conditions  (such  as  load,  speed,  temperature,  etc. ),  a  wide 
dispersion  in  their  lives  will  result.  Statistical  methods  are  applied 
to  the  fatigue  failures  to  obtain  a  desired  level  of  reliability.  The 
usual  level  of  reliability  applied  to  aircraft  bearings  is  90%.  This 
means  that  90%  of  the  bearings  will  complete  or  exceed  the  calculated 
length  of  time  under  the  imposed  conditions.  This  calculated  length  of 
time  is  also  referred  to  as  the  10%  life  (or  B-10  life).  The  B-10 
life  is  then  a  predicted  minimum  fatigue  life  at  which  10%  of  the 
bearings  should  fail. 


a.  Mechanics  of  Bearing  Loading 

The  criteria  for  optimum  bearing  load  level  is  associated  with  two  load 
extremes.  The  maximum  bearing  load  determines  the  life  of  the  bear¬ 
ing,  and  the  minimum  load  determines  the  margin  of  safety  relative  to 
bearing  skidding.  Figure  2B-101  shows  the  action  of  loading.  The  three 
sets  of  arrows  (with  associated  signs)  show  that  a  bearing  may  have  a 
positive,  negative,  or  zero  load.  If  a  bearing  is  chosen  to  be  loaded 
either  positively  or  negatively,  and  the  load  decreases  toward  zero, 
the  bearing  is  then  moving  in  a  load  direction  toward  skidding. 
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e.  Definition  of  General  Design  Problems 

In  the  choice  of  a  thrust  balance  system  for  the  STJ227  engine,  the 
prime  objective,  is  the  selection  of  chamber  pressure  levels  over  the 
full  flight  regime  that  will  result  in  average  load  levels  that  produce  a 
long-life  bearing  and,  at  the  same  time,  have  an  adequate  skid  load 
margin.  The  resulting  chamber  flow  system  must  be  compatible  with 
the  specific  requirements  for  compressor  and  turbine  disk  and  blade 
cooling.  For  example,  the  choice  of  a  particular  chamber  pressure 
and  temperature  characteristic  over  the  entire  flight  envelope  may  be 
favorable  for  thrust  balance,  but  may  force  certain  disks  to  be  unduly 
heavy  because  of  creep  limitations. 


f.  Choice  of  Load  Direction 

The  choice  of  load  direction  is  not  important  to  the  bearing  as  long  as 
that  direction  does  not  change  at  some  flight  condition.  Actually,  load 
direction  change  may  be  tolerated  as  long  as  the  engine  does  not  dwell 
at  a  flight  condition  near  the  zero  or  low  level  point. 

In  the  STJ227  engine,  a  negative  or  rearward  loaded  bearing  was  se¬ 
lected  after  careful  study  of  the  turbine  cooling  requirements  and  the 
pressure  ratio  characteristics  of  the  compressor.  To  meet  the  re¬ 
quirements  for  turbine  blade  cooling,  it  is  necessary  to  have  a  fairly 
high  pressure  forward  of  the  first  stage  turbine  disk.  This  means  that 
a  high  pressure  is  acting  over  a  large  projected  area  on  the  disk,  im¬ 
parting  a  rearward  load  to  the  bearing.  If  a  forward  direction  was 
chosen,  it  would  have  been  difficult  to  maintain  the  direction  at  high 
altitude  conditions  where  pressure  ratio  decreases.  A  rearward 
loaded  bearing  is  also  advantageous  at  windmill  and  flight  idle  conditions, 
because  the  natural  tendency  of  the  engine  is  to  load  the  main  shaft 
rearward. 


g.  Effect  of  Flight  Conditions 

Generally,  at  the  outset  of  a  particular  thrust  balance  system  study, 
two  particular  flight  conditions  are  analyzed  to  give  trends  of  maximum 
and  minimum  loads.  These  conditions  are  sea  level  ram,  and  maxi¬ 
mum  Mach  number  and  altitude.  Because  of  the  particular  climb  path 
associated  with  the  supersonic  transport,  however,  the  transonic 
region  had  to  be  investigated  because  it  also  resulted  in  low  directional  loads. 
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Variations  in  bearing  loads  at  different  flight  conditions  are  caused  by- 
changes  in  pressure  levels  in  the  engine.  The  load  tends  to  decrease 
at  constant  Mach  number  and  increasing  altitude.  Also,  as  Mach 
number  increases  at  a  constant  altitude,  pressures  contributing  to 
rearward  loading  increase,  thus  tending  toward  a  rearward  loaded 
bearing. 


h.  Method  of  Calculating  Bearing  Loads  i 

! 

Pressures  and  temperatures  are  obtained  from  calculated  performance  j 

data.  Because  many  internal  chambers  are  connected  either  in  series  j 

or  in  parallel  by  orifices  or  seals,  the  pressures  associated  with  them  j 

must  be  calculated  by  solving  flow  equations.  The  entire  solution  is 
accomplished  by  a  computer  program.  The  areas  of  flow  orifices  are 
set  initially  by  estimates,  keeping  in  mind  the  structural  requirements 
relative  to  pressure  differentials,  and  the  thermal  compatibility  between 
parts.  Aerodynamic  blade  loads  are  determined  by  computer  solution, 
using  compressor  and  turbine  physical  areas  and  pressures  along  with 
momentum  effects.  When  initial  runs  are  made  on  the  computer,  ad¬ 
justments  such  as  changes  in  orifice  diameters,  seal  areas,  and  seal  j 

radii,  are  made  until  a  satisfactory  load  balance  is  obtained  for  all 

flight  conditions.  In  general,  the  thrust  balance  system  is  designed  j 

based  on  maximum  power  performance  data.  It.  is  then  checked  with  i 

flight  idle  and  windmill  performance  values  to  ensure  compatibility.  i 


i.  Proposed  STJ227  Thrust  Balance  System 

The  flow  system  for  the  SST  turbojet  engine  is  shown  in  Figure  2B-102. 

A  negative-loaded  bearing  characteristic  can  be  incorporated  easily 
because  of  the  relative  difference  in  pressure  loads  between  two  major 
chambers.  These  chambers  are  behind  the  last  stage  compressor  disk, 
which  loads  positively  (loads  shaft  forward),  and  ahead  of  the  first 
stage  turbine  disk,  which  loads  negatively  (loads  shaft  aft).  Using  these 
two  chambers  as  a  base,  and  by  adjusting  seal  diameters  and  orifice 
areas,  an  acceptable  negative  bearing  load  level  can  be  realized.  The 
pressure  in  the  chamber  aft  of  the  last  compressor  disk  will  have  to 
be  lowered  to  reduce  the  forward  load  in  this  area  to  achieve  a  negatively 
loaded  bearing.  Flow  from  this  chamber  will  be  dumped  overboard  or 
to  the  nacelle  through  the  main  diffuser  struts.  Consideration  will  be 
given  to  using  this  flow  for  engine  case  cooling  prior  to  venting 
overboard.  Seal  clearances  and  diameters  forward  of  the  first 


PAGE  NO.  2  B- 1 1 9 


at  m  wti«vau» 
C»Ci41l»l>0  APTth  <> 

ooo  on  IIMIO 


I 


\ 


CONFIDENTIAL 


tWIKMiKMR 


PRATT  i  WHITNEY  AtPCRAFT 


CONFIDENTIAL. 


PWA-2600 


stage  turbine  must  be  sized  to  minimize  leakage  into  the  main  stream 
and  to  obtain  a  desirable  bearing  load  range.  Also,  the  turbine  sealing 
arrangements  between  the  turbine  disks  and  aft  of  the  second  stage  disk 
should  be  as  required  to  obtain  enough  turbine  cooling  flow  for  the 
disks,  while  maintaining  pressure  levels  that  will  allow  for  minimal 
passage  of  leakage  flow  into  the  turbine  main  stream.  An  excessive 
amount  of  leakage  will  tend  to  decrease  the  efficiency  of  the  turbine. 


j.  Testing  Methods 


Two  methods  using  full  scale  engine  tests,  verify  calculated 
thrust  loads.  Both  of  these  methods  have  been  used  successfully  in  the 
JT11D-20  development  program.  The  indirect  method  involves  instru¬ 
menting  an  engine  with  temperature  and  pressure  probes.  All  internal 
non-rotating  chambers  are  instrumented  for  pressure  and  temperature, 
including  small  chambers  between  adjacent  labyrinth  seals.  The  engine 
is  then  operated  at  several  flight  conditions,  and  the  resulting  data  are 
programmed  into  a  computer.  Solutions  are  then  obtained  for  the 
pressures  and  temperatures  in  those  chambers  which  cannot  be  instru¬ 
mented.  Computer  output  is  then  compared  with  original  estimates 
and  correlations  are  made.  This  method  also  >  aids  other  useful  data, 
such  as  the  flow  rate  of  air  through  adjacent  labyrinth  seals,  which  can 
be  used  to  calculate  running  seal  clearances. 


The  direct  method  utilizes  a  calibrated  thrust  ring  that  is  incorporated 
in  the  bearing  stackup.  This  procedure  involves  the  design  of  the  thrust 
ring  which,  when  adapted  to  the  engine,  takes  the  place  of  a  normally 
used  spacer  in  the  bearing  stackup.  Prior  to  engine  testing,  the  thrust 
ring  is  calibrated  for  load  and  deflection.  When  installed  in  the  engine, 
the  ring  is  instrumented  with  strain-gages  and  thermocouples  for 
temperature  compensation.  At  each  steady-state  flight  condition,  test 
measurements  are  made  and  compared  with  the  calibration.  In  this 
way  the  net  load  imparted  to  the  bearing  is  measured  directly.  At 
present,  the  direct  method  is  being  successfully  used  in  the  JT11D-20 
program  to  develop  a  thrust  load  map  over  certain  areas  of  the  flight 
envelope.  A  thrust  load  map  is  a  plot  of  constant  bearing  load  as  a 
function  of  Mach  number  and  altitude.  This  method  also  yields  bearing 
loads  at  part  power  and  windmill  operation. 
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17.  ENGINE  HEAT  REJECTION 
a.  Introduction 


A  system  has  been  designed  that  integrates  all  components  of  the  fuel, 
hydraulic,  and  lubrication  systems  (with  connecting  plumbing)  and  satis¬ 
fies  all  requirements  set  forth  in  the  Phase  II-A  study.  These  systems 
are  shown  schematically  in  Figure  2B-79. 

b.  Basic  Ground  Rules 


In  determining  the  inter-relation  of  fuel,  hydraulic,  and  lubrication 
system  components  the  following  stipulations  and  limitations  were  used: 

Fuel  -  J  et  Type  A 

Maximum  fuel  temperature  (engine)  -  250  °F 

Maximum  fuel  temperature  (main  or  afterburner  manifolds)  -325 °F  j 

Heat  rejection  allowed  to  airframe  during  cruise  -  None  j 

Maximum  allowable  bulk  oil  temperature  (engine)  -  425 °F  j 

Oil  -  Type  IT.  ; 


c *  G eneral  Description  of  Fluid  Flowpaths 


(1)  Main  Fuel  System 

Fuel  from  aircraft  boost  pumps  enters  the  engine  at  the  main  fuel  pump 
inlet  and  flows  through  the  pump,  the  main  fuel  control,  the  main  fuel- 
oil  coder,  and  into  the  windmill  bypass  low  idle  shutoff  and  drain  valve. 
This  valve  allows  fuel  to  pass  through  the  fuel-oil  cooler  under  engine 
windmill  conditions  and  thereby  maintains  oil  temperature  at  an  accept¬ 
able  level.  It  also  schedules  the  metered  fuel  flow  to  the  main  burner 
under  low  idle  conditions.  By  incorporating  the  second  function  in  this 
valve,  a  fuel  flow  higher  than  low  idle  may  pass  through  the  oil  cooler 
and  return  to  the  modulating  thermal  return  valve  through  the  windmill 
bypass  valve,  although  the  burner  flow  is  much  lower.  The  valve  also 
drains  residual  fuel  from  the  manifolds  when  the  burners  are  off. 

(2)  Afterburner  Fuel  System 

Fuel  enters  this  system  at  the  afterburner  fuel  pump  inlet,  and  flows  ■ 
through  the  turbopump  into  the  afterburner  fuel  control  where  the  flow  r 
is  metered  separately  foj^the  two  afterburner  zones.  Zone  II  fuel  flow 
passes  directly  from  the  control  to  the  burner  through  the  drain  valve. 
Zone  1  fuel  passes  through  the  afterburner  fuel-oil  cooler,  the  shutoff 
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and  recirculation  valve,  and  then  to  the  burner.  The  afterburner  shut¬ 
off  and  recirculation  valve  is  used  to  block  metered  flow  to  Zone  I  and 
to  recirculate  cooling  flow  through  the  afterburner  control  and  fuel-oil 
cooler  when  the  Zone  I  burner  is  not  lit. 

(3)  Hydraulic  System 

The  proposed  hydraulic  system  is  an  open  loop  type  design  using  fuel 
as  the  actuator  fluid.  The  hydraulic  pump  inlet  flow  is  taken  from  the 
main  fuel  pump  interstage. 

Pump  discharge  flow  splits  into  three  flowpaths.  The  first  two  are 
recirculation  lines  whicli  carry  fuel  flow,  and  thereby  heat,  away  from 
the  system  maintaining  the  fuel  temperature  at  an  acceptable  level. 

One  line  is  routed  to  the  windmill  bypass  valve  and  the  second  to  the 
afterburner  shutoff  valve.  These  are  used  to  cool  the  recirculation 
lines  during  main  burning  and  Zone  I  afterburning.  The  third  flowpath 
is  hydraulic  system  actuation  flow,  which  is  routed  from  pump  discharge 
throe  jh  the  main  fuel  control  or  pilot  valves  and  then  to  the  high  pres¬ 
sure  side  of  the  actuator  piston,  Low  pressure  return  flow  from  the 
actuators  is  joined  by  the  actuator  cooling  flow  lines.  ThiB  flow  is  then 
routed  back  to  the  main  pump  interstage, 

(4)  Lubrication  System 

A  closed  loop  system  with  heat  pickup  rejected  to  fuel  in  the  two  oil 
coolers  was  chosen  for  the  STJ227.  From  the  main  oil  pump,  oil 
under  pressure  is  passed  through  the  shell  side  of  both  coolers.  From 
the  main  oil  cooler  discharge,  the  oil  is  supplied  to  each  of  the  three 
bearing  compartments,  aircraft  power  take-off,  and  main  engine  gear¬ 
box.  After  performing  lubrication  and  cooling  functions,  the  oil  is 
scavenged  to  the  engine  gearbox,  through  the  oil  tank,  and  back  to  the 
oil  pump  inlet. 

(5)  Fuel  System  Temperature  Management 

To  hold  the  maximum  fuel  temperature  within  the  specified  limit,  two 
thermally-actuated  valves  are  incorporated.  One  of  these  i3  a  modu¬ 
lating  thermal  fuel  return  valve  which  senses  main  oil  cooler  fuel  dis¬ 
charge  temperature.  Fuel  returning  from  the  recirculation  lines  is 
routed  back  to  the  mam  pump  inlet  under  normal  temperature  condi¬ 
tions.  If  the  fuel-oil  cooler  fuel  discharge  temperature  increases  to 
the  sensor  setting,  the  modulating  valve  starts  to  port  some  fuel  back 
to  the  aircraft  fuel  tanks,  thereby  decreasing  the  fuel  inlet  temperature. 
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The  second  valve,  a  fuel  bypass  valve  which  is  an  integral  part  of  the 
afterburner  fuel-oil  cooler,  has  a  fuel  temperature  sensor  located  at 
the  cooler  fuel  discharge.  When  this  fuel  reaches  the  sensor  setting, 
some  fuel  is  bypassed  around  the  cooler  thereby  lowering  the  fuel 
temperature.  Under  this  condition  some  of  the  lubrication  system  heat 
load  would  be  absorbed  by  the  main  fuel-oil  cooler. 

d.  Main,  Afterburner,  and  Hydraulic  System  Heat  Rejection 

The  heat  rejection  in  the  main  fuel,  afterburner  fuel,  and  hydraulic 
systems  is  primarily  from  pumping,  throttling  and  ambient  pickup. 

The  major  portion  is  due  to  pumping  and  amounts  to  approximately 
4200  Btu/min.  Throttling  and  ambient  pickup  account  for  another  1400 
to  1800  Btu/min.  Heat  rejection  varies  greatly  for  different  operating 
conditions,  but  under  the  worst  conditions  fuel  system  heat  rejections 
will  be  from  5600  to  6000  Btu/min. 

e.  Lubrication  System  Heat  Rejection 

(1)  General 

The  heat  rejection  from  all  lubrication  system  components  to  the  oil 
has  been  calculated  for  cruise  Mach  number  and  altitude.  Steady-state 
oil  temperatures  have  been  evaluated  and  are  well  within  the  limits  set 
forth.  Oil  flow  rates  have  been  established  for  each  bearing  compart¬ 
ment. 

(2)  Basic  System  Operation 

Minimum  fuel  and  oil  system  temperatures  during  the  flight  mission 
and  any  possible  off-design  flight  condition  will  be  maintained  by  the 
fuel- oil  heat  exchanger  in  each  of  the  engine  heat  sinks  (main  burner 
and  afterburner  fuel  flows).  The  maximum  expected  bulk  oil  tempera¬ 
ture  range  will  be  between  330  °F  and  380  °F. 

The  afterburner-on  fuel  flows  throughout  the  typical  mission  are  suf¬ 
ficiently  high  to  absorb  the  total  lubrication  system  heat  rejection  and 
the  afterburner  system  pumping  and  ambient  heat  pickup.  It  is  unlikely 
that  the  fuel  bypass  valve  will  bypass  fuel  flow  due  to  high  temperatures 
during  a.  ,er burner-on  condition  unless  it  is  during  off-design  operation 
or  at  severe  transient  flight  conditions. 
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During  afterburner-off,  idle,  or  windmilling,  the  afterburner  system 
recirculation  flow  is  sized  to  absorb  the  full  lubrication  heat  rejection. 
The  afterburner  recirculation  flow  returns  to  the  modulating  thermal 
fuel  return  valve  where  it  is  routed  to  the  engine  pump  inlets  if  the  main 
burner  manifold  fuel  temperature  is  below  325  °F.  If  the  main  burner 
becomes  thermally  saturated,  the  supplementary  cooling  valve  will 
split  the  flow  and  return  a  minimum  fuel  flow  and  heat  back  to  the  air¬ 
craft  fuel  tanks.  In  bypassing  part  or  all  of  the  recirculation  fuel  flow  to 
the  aircraft  tanks,  the  temperatures  in  the  main,  hydraulic,  afterburner, 
and  lubrication  systems  are  reduced  to  acceptable  levels. 

(3)  Detailed  Contributions  of  Lubrication  System  Heat  Load 

Figure  2B-103  shows  the  level  of  heat  input  from  individual  sources  and 
the  oil  flow  rates  necessary  to  transfer  the  heat  while  maintaining  ac¬ 
ceptable  oil  and  component  temperatures. 

tpV.. 

Oil  flow  rates  to  the  individual  bearing  compartments  were  selected 
commensurate  with  a  50  °F  rise  in  bulk  oil  temperature.  The  total 
oil  flow  includes  that  necessary  for  the  jet  pump  which  was  sized  for 
primary  and  secondary  flow  in  a  one-to-one  ratio. 

18.  SECONDARY  AIRFLOW 

a.  Introduction 

A  study  has  been  made  of  the  cooling  and  heating  characteristics  of 
secondary  flow  that  passes  between  the  engine  case  and  engine  nacelle 
walls.  The  required  quantity  of  secondary  airflow  is  a  function  of 
several  factors  and  is  different  for  each  engine  application.  Experience 
gained  from  extensive  engine  testing  on  the  JT11D-20  development 
program  has  been  applied  to  the  specific  requirements  of  the  STJ227. 

b.  Design  Considerations 

The  guidelines  considered  in  determining  the  secondary  flow,  tempera¬ 
ture,  and  pressure  requirements  commensurate  with  engine  and  nacelle 
integrity  are  presented  below. 

•Effect  on  engine  case  temperatures  and  pressure  differentials 

•  Total  engine  case-to-naceile  heat  rejection 

•  Heat  input  to  controls,  bracketing,  and  plumbing 
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•Final  use  of  secondary  air,  such  as  ejector  cooling 

•  t  otal  temperature  rise  ot  econdary  air 

•  Allowable  nacelle  wall  temperature 

•Blow-indoor,  ejector,  and  reverser  design  requirements 

•  Heat  input  to  fuel,  hydraulic,  and  lubrication  system  fluids 

•  Back  pressure  on  primary  nozzle  flaps  for  hydraulic 
actuator  load  calculation 

•  The  heat  ratio  transferred  by  radiation  to  that  by  free  and 
forced  convection. 

c .  Generalized  Nacelle  Component  and  Engine  Case  Cooling  Dc s ig n 
Criteria 

Engine  case  temperatures  are  primarily  a  function  of  the  work;  g  gas 
temperature  within  the  engine.  Even  at  fairly  high  seconds  >w 
rates  the  main  stream  Reynolds  number  yields  heat  trans".  .  ..  f- 
ficients  that  control  wail  temperatures.  However,  as  st  •  ■  wm  y  flow 
decreases  to  very  low  .rates,  the  temperature  rise  of  this  n.  ver  the 
entire  engine  length  increases  to  a  level  where  it  can  infiwe  .v.  ;  engine 
case  temperatures  and  over-ride  the  influence  of  low  velo'  ;tu;s. 

The  minimum  secondary  flow  is  that  necessary  to  give  optimum  ejector 
performance  and  cooling.  For  the  STJ227  this  flow  is  betweor  2  per¬ 
cent  and  3  percent  of  engine  airflow.  For  2  percent  of  engine  airflow 
at  cruise  flight  conditions  the  air  temperature  rise  is  calculated  to  be 
50  °F. 

The  heat  transfer  rate  of  nacelle  air  to  [  •umbing  and  controls  is  a 
function  of  secondary  airflow  rate.  Several  studies  performed  on  the 
JT11D-20  at  a  variety  of  flight  conditions  have  shown  that  if  the  plumb¬ 
ing  is  covered  by  heatshields,  the  heat  flux  (Btu/hr/ft^)  is  almost  in¬ 
dependent  of  secondary  flow  rates.  The  airspace  between  tubes  and 
heatshielding  provides  a  resistance  to  convective  heat  transfer,  and 
the  shield  itself  offers  a  resistance  to  radiant  heat  transfer.  Also, 
if  a  low  ermssivity  coating  {such  as  gold)  is  applied  to  the  tubes  in¬ 
stead  of  the  conventional  heatshielding,  the  heat  flux  will  decrease  at 
very  low  nacelle  flows.  However,  as  nacelle  flow  increases,  a  point 
is  reached  where  the  heat  fiux  becomes  greater  than  that  which  existed 
with  heat  shielded  tubes.  The  characteristic  trend  of  heat  flux  for  the 
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two  configurations  described  is  shown  in  Figure  2B--104.  The  crossover 
is  a  function  of  flight  condition  and  axial  location  along  the  engine. 

A  thermal  analysis  has  been  made  on  a  section  of  the  engine  case  be¬ 
tween  the  main  burner  and  turbine  inlet  to  show  the  effects  of  secondary 
airflow  and  temperature.  Figure  2B-105  shows  three  arrangements 
of  this  section  of  the  engine.  These  arrangements  are:  2  percent 
secondary  flow,  a  sealed  nacelle,  and  a  sealed  nacelle  with  a  he  „t- 
shield  between  the  burner  liner  and  engine  case.  Figure  2B-106 
presents  the  results  of  the  heat  transfer  calculations.  The  engine 
case  temperature  increased  25  “F  with  a  sealed  nacelle  relative  to 
the  2  percent  configuration.  The  engine  case  temperature  decreased 
225  °F  when  the  heatshield  was  added.  These  calculations  assumed  a 
turbine  inlet  temperature  of  2200 °F  at  cruise  conditions.  It  should  be 
noted  that  the  above  differences  will  vary  along  the  length  of  the  engine. 
Boeing  has  tentatively  elected  to  bypass  the  secondary  airflow  around 
the  forward  portion  of  the  engine  by  ducts,  and  Lockheed  has  elected 
to  flow  this  air  over  the  engine.  Studies  will  be  continued  and  re¬ 
sults  modified  as  specific  engine  and  airframe  design  criteria  become 
available. 

d.  Nacelle  Wall  Heat  Transfer  Considerations 

Secondary  airflow  has  a  direct  influence  on  the  choice  of  materials  and 
structural  aspects  of  the  airframe  nacelle  walls.  In  the  "hot"  sections 
of  a  turbojet  engine  (turbine  and  afterburner),  a  high  percentage  of 
heat  release  from  engine  cases  is  by  thermal  radiation.  In  applications 
where  a  fairly  high  percentage  of  secondary  airflow  is  permitted,  the 
heat  transferred  from  engine  to  nacelle  can  be  carried  away  by  con¬ 
vection,  thereby  maintaining  both  walls  at  fairly  low  temperature 
levels.  However,  as  the  allowable  secondary  airflow  is  decreased, 
the  nacelle  walls  operate  at  higher  temperatures,  and  re-radiate  heat 
to  the  engine  cases  causing  their  temperature  to  increase. 

19.  WEIGHT  ANALYSIS 

The  Phase  H-A  report  presented  a  weight  of  8300  pounds  for  a  450  Ib/sec 
full  afterburning,  turbojet  engine.  Subsequent  studies  have  been  con¬ 
centrated  on  engines  of  a  525  lb/sec  size.  Three  air  flow  schedules  were 
studied  (high,  base,  and  low)  and  were  weighed  at  two  turbine  inlet  tem¬ 
peratures  (2000°F  and  2300°F).  This  gives  a  total  of  six  configurations. 
The  high  flow,  low  temperature  engine  has  a  calculated  weight  of  10,800 
pounds  and  allows  a  physical  overspeed  at  the  Mach  2.7  condition  of  1.  12 
times  the  sea  level  take-off  rpm.  Figure  2B-107  present  the  weight  of 
this  engine  by  section.  Figure  2B-108  shows  the  weight  of  the  six  con¬ 
figurations  mentioned  above  based  on  the  airframe  manufacturer's 
specific  installation  requirement. 
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20.  ASSEMBLY  PROCEDURE 

a.  Compressor  Inlet  Case 

The  variable  inlet  guide  vane  of  the  ST.T227  engine  is  assembled,  adjusted, 
and  operated  as  a  sepai’ate  unit  prior  to  assembly  with  the  remainder  of 
the  engint^,  This  ensures  ease  of  removal  or  maintenance.  Individual 
items  that  make  up  the  complete  assembly  are  shown  in  Figure  2B-32. 


The  pin-bolts,  vane  flaps,  and  linkage  arms  are  assembled  on  the  inlet 
case  as  a  unit  to  provide  the  proper  angular  motion.  The  flaps  are  fixtured 
at  the  cambered  position  to  eliminate  actuation  tolerance  buildup.  The 
actuators  are  mounted  and  attached  to  the  linkage  arm  synchronizing  ring 
brackets.  The  fixture  is  removed  and  the  complete  assembly  may  then 
be  actuated. 

The  number  1  bearing  housing,  containing  the  outer  bearing  race  and 
rollers,  and  the  rear  number  1  bearing  support,  containing  the  labyrinth 
seal  lands,  are  bolted  into  the  inlet  case  from  the  rear  before  assembly 
with  the  compressor. 

b.  Compressor 

The  compressor  is  assembled  vertically  beginning  with  the  rear  compressor 
hub  and  the  auxiliary  disk  and  moving  forward  to  the  front  compressor  hub. 

The  ninth  stage  disk  is  assembled  to  the  rear  hub  and  the  auxiliax-y  disk. 

The  flange  of  the  auxiliary  disk  is  slotted  to  allow  the  outer  tiebolts  to 
be  installed.  The  inner  and  outer  spacers  and  the  eight- to- ninth  stage 
cone  are  assembled  forward  of  the  ninth  stage  disk.  The  stator  and  rotor 
assemblies  ai  e  then  assembled  alternately  to  complete  the  compressor 
assembly.  Th.  number  1  bearing  compartment  seals  and  the  inner  bear¬ 
ing  race  are  assembled  to  the  front  compressor  hub  prior  to  attaching  ! 

the  inlet  case.  ] 

I 

c.  Diffuser  Case  j 

1 

Assembly  of  the  diffuser  case  starts  with  the  installation  of  the  compressor  j 

exit  guide  vanes  and  the  aerodynamic  brake.  The  towershaft  gear  and  | 

bearing  assemblies  are  next  installed  in  the  number  2  bearing  housing.  j 

The  labyrinth  seal  lands,  the  carbon  seal  carrier,  and  the  seal  pressuriz-  \ 

mg  and  vent  lines  are  then  assembled  into  the  number  2  bearing  housing.  1 
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The  outer  combustion  chamber  case  is  loosely  assembled  to  the  diffuser  J 

case  from  the  front,  and  the  diffuser  case  is  then  installed  on  the  com-  1  ? 

pressor  rotor  and  case  assembly.  | 


The  seal  face  and  oil  scoop  are  installed  on  the  number  2  bearing  sleeve, 
torqued,  locked,  and  positioned  on  the  compressor  rear  hub.  The  main 
engine  thrust  bearing  is  installed  in  its  carrier  and  placed  on  the  bearing 
sleeve.  The  tower  shaft  drive  gear  is  then  installed  and  the  3tackup  torqued 
and  locked.  The  number  3  bearing  support  cone  is  then  installed  and  the 
lube  and  seal  pressurizing  and  vent  linos  are  connected. 

d.  Burner  and  Turbine  Inlet  Section 


The  forward  part  of  the  combustor,  containing  the  ram  air  scoops  and 
swirl  cups,  is  inserted  into  the  diffuser  section  until  machined  fittings 
on  the  forward  face  of  the  combustor  are  seated  on  machined  platforms 
in  the  cutaway  trailing  edges  of  the  struts.  Retaining  pin3  are  inserted 
from  outside  the  diffuser  case  through  the  trailing  edge  of  each  strut 
into  holes  in  the  outer  machined  fittings  on  the  combustor.  These  pins 
are  then  torqued  and  locked. 

The  inner  and  outer  transition  ducts  are  installed  and  slid  forward  over 
the  front  part  of  the  combustor.  The  inner  combustion  chamber  case  is 
bolted  to  the  inner  rear  diffuser  case  flange.  The  turoine  inlet  guide 
vanes  are  inserted  into  the  rear  retaining  plate  lugs  and  the  rub  ring  and 
segmented  outer  front  vane  support  ring  are  bolted  to  the  outer  turbine 
case.  The  segmented  inner  retaining  ring  is  installed  and  held  for 
assembly  purposes  by  countersunk  screws. 

The  burner  inner  transition  duct  is  attached  to  the  inner  combustion  duct 
and  the  turbine  inlet  guide  vane  inner  retaining  ring.  The  outer  transition 
duct  is  moved  rearward  and  piloted  on  the  forward  flange  of  the  turbine 
case.  The  outer  combustion  chamber  case  is  slid  to  the  rear  and  bolted 
to  both  the  turbine  case  forward  flange  and  the  diffuser  case  outer  rear 
flange. 

The  fuel  nozzles  are  inserted  through  the  diffusei’  case  and  bolted.  The 
two  igniters  are  then  inserted  through  mounting  flanges  on  the  diffuser 
case  and  secured  with  bolts. 
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e.  T cubing  and  Number  3  Bearing  Assemb’y 

The  beai'ing  outer  race  and  support  are  assembled  to  the  number  3  beaxing 
support  cone.  The  front  oil  scoop,  the  bearing  inner  race  and  rollers, 
the  rotary  seal  ring,  and  the  adjacent  knife-edge  seal  ring  are  assembled 
on  the  turbine  shaft.  The  shaft  is  then  pushed  forward  through  the  bearing 
outer  race  until  the  spline  on  the  forward  end  is  fully  engaged  with  the 
mating  spline  on  the  compressor  rear  hub.  The  threaded  tiebolt  is  then 
torqued  and  locked.  The  number  3  bearing  carbon  seal  assembly  is 
assembled  to  the  outer  race  support  flange.  The  shaft  rear  labyrinth 
seal  ring  is  assembled  and  the  spanner  nut  is  torqued  and  locked.  The 
heatshield  assembly,  which  contains  the  seal  lands  for  the  labyrinth 
seals,  is  assembled  to  the  intermediate  flange  of  the  bearing  support. 


The  first  stage  blades  are  assembled  into  the  disk  with  blades  of  equal 
moment  weight  opposite  each  other,  and  the  front  and  rear  cover  plates 
are  bolted  into  place.  After  balancing,  this  assembly  is  bolted  to  the 
front  flange  of  the  turbine  hub  and  the  tiebolt  nuts  are  torqued  and  locked. 
The  interstage  seal- spacer  is  bolted  to  the  rear  face  of  the  first  stage 
disk.  The  first  stage  blade  segmented  outer  shroud  is  installed  in  the 
turbine  case.  The  hub  and  the  first  stage  difK  and  blade  assembly  is 
then  splined  to  the  turbine  shaft,  and  the  spanner  nut  torqued  and  locked. 

The  second  stage  vane  inner  shroud,  vanes,  and  interstage  seal  land 
assembly  are  installed  in  the  turbine  case  and  locked  in  position.  The 
second  stage  blade  segmented  outer  shroud  is  assembled  to  the  rear 
flange  of  the  turbine  case. 


The  second  stage  blades  are  assembled  into  the  disk  with  blades  of  equal 
moment  weight  opposite 


- - 4.  _  J 


After  balancing,  this  assembly,  together  with  the  rear  diaphragm  and 
knife-edge  seal,  ring,  are  mounted,  bolted  and  locked  on  the  turbine  hub 
rear  flange. 


f.  Turbine  Exhaust 


The  second  stage  turbine  rotor  aft  knife-edge  seal  and  seal  land  diaphragm 
are  riveted  to  the  forward  flange  of  the  inner  turbine  exhaust  case.  The 
exit  guide  vanes  are  bolted  to  the  stiffener  rings,  and  the  tailcone  and 
inner  radiation  shield  are  bolted  to  the  rear  flange.  This  assembly  is 
held  in  the  outer  turbine  exhaust  case  by  radial  pins. 
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The  turbine  exhaust  section  and  the  after  burner- ejector  system  may  he 
assembled  to  the  engine  as  a  unit. 

g,  Afterburner 

The  afterburner  section  of  the  engine  bolts  directly  to  the  roar  flango  of 
the  turbine  exhaust  case.  The  flap  segments  and  seals  of  the  primary 
nozzle  are  attached  to  the  afterburner  rear  combustion  chamber, 

Thw  fuel  distribution  and  flamoholder  system  is  installed  from  the  inside 
and  bolted  to  mounting  pads  on  the  diffuser  case,  The  two  ignition  units 
are  threaded  into  bosses  on  the  diffuser  case, 

The  fuel  baffle  is  assembled  between  the  diffuser  case  rear  face  and  the 
front  flange  of  the  combustion  chamber, case,  The  segmented  I'nsrs  and 
hontahlelds  are  slid  aft  into  tracks  in  the  combustion  chamber  cases  after 
the  ramp  section  of  the  liner  hao  been  bracketed  inside  the  roar  case, 

h,  Ejector-Revarsor 


The  hydraulic  actuators  foi  tho  reversal’  are  mountod  in  tho  roar  of 
the  main  ejector  support  struts  with  the  roquirod  plumbing,  The  blow- in 
doors  and  spacer  panels  are  bolted  in  placo  between  struts.  Tho  nozzle 
synchronizing  bollcrnnks  and  internal  connecting  links  are  inotallod  on 
the  struts . 

The  euliro  unit  is  asoemblod  from  the  roar  over  the  afterburner 
combustion  duct  and  connected  by  eight  pins  at  the  ball  Joint  connections 
to  the  ojactor  mount  ring,  Tho  nozzle  Bogmontti  are  connected  to  Internal 
links  and  bollcranks.  Tho  basic  supporting  structure  is  now  complete, 

Tho  outsi"  shroud  is  slid  forward  over  the  support  structure,  Tho  rover  so  r 
door  links  are  u at  Into  stop  points  on  struts,  and  the  inner  shroud  a*s -mbly, 
containing  the  main  structure,  liner,  and  revsruor  doors,  is  slid  over  the 
main  support  structure.  With  the  shroud  in  full  reveres  position,  doot 
links  are  connected  to  respective  doors.  Actuator  rod  ends  and  outer 
shroud  are  connected  to  tho  shroud  support  oyotom  end  ring, 

The  trailing  edge  flaps  are  assembled  in  a  loose  holding  fixture.  The 
flaps  are  then  connected  to  hinges  on  the  shroud  support  end  ring.  After 
tho  interconnecting  seal  plates  are  Installed,  vita  flap  holding  fixture 
is  removed. 
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p,  Turbine  and  Numbor  3  Bearing  Aiinmnlily 

The  boaring  outer  ra r.a  and  support  Are  assembled  Lo  the  number  3  bearing 
support  cone,  The  front  oil  scoop,  the  bearing  Inner  race  and  rnllnrs, 
the  rotary  seal  ring,  and  the  ndjnrnni  knife-edge  seal  ring  are  assembled 
on  Iho  turbine  Abaft,  Ilia  shaft  In  liien  pit  shad  forward  through  ilm  bearing 
outer  race  until  the  spline  on  (lie  forward  end  In  fully  onpagad  wilh  iho 
mating  apllile  on  the  compressor  rear  huh.  The  threaded  tjelu  I  |«  then 
lorqued  and  jacked,  The  number  1  bearing  carbon  anal  assembly  la 
assembled  to  the  outer  raeo  support  flange,  'I  lia  abaft  rear  labyrinth 
seal  ring  Is  assembled  and  the  spanner  nut  is  tfjrtjuad  and  locked,  The 
heatable  Id  assembly,  which  contains  the  seal  I  end  a  for  iho  labyrinth 
aanla,  Is  aosemblod  to  tile  intermediate  flange  of  the  bearing  support, 

The  first;  slflge  bludafl  are  assembled  Into  the  disk  with  bladns  of  equal 
moment  weight  opposite  each  other,  and  (he  front  and  mar  cover  plates 
am  bolted  Into  place,  After  balancing,  Lids  assembly  is  boiled  to  tbe 
front  flange  of  the  lurbino  liub  and  the  tiebult  nuts  ate  lorqoed  and  locked, 
f lie  tnterilflgn  seal- spacer  In  bolted  lo  tbs  rear  face  of  tin  firm  siago 
disk,  I  lie  first  stage  blade  segmented  unim'  sbroml  is  Installed  In  llm 
turbine  case,  The  hub  und  the  first  stage  disk  and  binds  assembly  is 
then  S pi i lied  to  Ilm  lurbino  shaft,  and  the  spanner  nut  torqued  and  lucked 

file  second  stage  vmiu  luimr  shroud,  vaneo,  and  Inlersliigo  sea)  land 
assembly  are  Installed  in  the  turbine  case  and  locked  in  position.  The 
second  singe  blade  su|/inant«d  outer  shroud  is  assamblnd  m  the  rear 
lliiiigc  of  tile  turbine  Ciisa, 

The  second  stage  blades  am  assembled  into  Ihe  disit  with  blade s  of  equal 
moment  weight  opposite  oncli  other,  and  riveted  for  nslsl  containment 
Alter  balancing,  lids  assembly,  together  with  I  Tie  rear  diaphragm  and 
Unite  -edge  seal  ring,  a  re  mounted,  boiled  and  lo,  and  r.n  the  lur’  iim  hub 
rear  fbuige. 
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3  lie  sncul|c|  singe  lyi’blne  rotor  all  kllllfe^etlga  seal  slid  real  land  tliaplilugln 
ore  riveted  to  Ilia  forward  flange  of  the  inner  lurlUrm  axhnus1  cage  1  iie 
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ings,  and  iite  iaiiiniic  ul.d 


I  rule  r  rndiation  shield  are  boiled  to  ih»  roar  flanytt  I  big  .,o  i,n,i,l,|y  j„ 
lie  Id  in  tint  tailor  luiUliiit  intl|,tmil  ,  nsa  by  l  1 .  1 1  a  I  ‘tins, 
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Tl  i(j  Utrbina  exhaust  auction  anti  tha  nltorburnfU'-aJoetGr  system  may  be 
nsnemhlnd  lo  the  engine  ns  >i  unit. 

y  ■  After  burner 

The  .i  ft  nr  burner  section  of  (lie  engine  bolt’s  directly  lu  the  t  nnr  flange  of 
ilie  lu i’ bines  exhaust  ease.  The  fl  ip  seyinonls  end  seals  of  Iho  primary 
no /.-/.I  a  am  nttachrrd  to  the  afterburner  rent*  combustion  chamber, 

The  fuel  tit  sir  i  l,i|i  Ion  and  fiamnhnlder  system  is  Installed  from  the  Inside 
and  bnl'.ed  lo  mounting  pads  on  the  diffuser  enae,  The  two  ignition  unite 
are  (hr.  1  Itilo  boot  afl  on  the  diffuser  ease, 

Tim  fuel  risffle  I*  nflsnniblpd  between  the  diffuser  ,  use  roar  face  and  the 
front  fianyn  of  the  combustion  chamber, unse ,  The  soyffielUed  jlnere  and 
healanieldn  are  slid  eft  Into  tracks  In  the  combustion  chamber  cnees  aflnr 
(lie  ramp  an*  l Ion  of  the  liner  line  linen  bracketed  inside  the  rear  cnee, 

ti ,  h]  j  nr  tnr  -  l(p  va  r  n  a  r 

Tim  hydraulic  actuators  for  the  re yo rear  are  mounted  In  the  tear  of 
the  main  ejector  support  struts  with  the  repaired  plumbing-  the  blow- In 
floors  and  spacer  panels  «r»  bolted  In  piece  between  s.,utw,  The  no**le 
synchrunl*ing  bsllcranlt#  and  Interns!  connecting  Units  are  installed  on 
the  struts 

The  entire  unit  is  assembled  from  the  rear  oyer  the  afterburner 
combustion  duct  and  connected  by  rilyhl  pins  at  the  ball  Joint  romigclloilfl 
to  the  ejertor  mount  ring,  The  nos/lfi  stigmenls  are  *  oitnei  led  to  internal 
links  and  be  1 1  cranks.  The  baste  supp/MTing  structure  Is  now  complete 

The  oil  let'  shroud  Is  •*  ti  ti  forward  over  the  support  structure,  The  reversal' 
door  links  are  set  into  stop  point*  oil  Simla,  and  (he  inner  shroud  iiesnmhly , 
conla inlny  the  main  structure,  i mar,  end  r« verse r  doors,  to  olid  uvei  the 
main  support  structure  With  Ilia  shroud  in  lull  reverse  position,  door 
links  a  re  conntu  tu  d  to  respective  doors,  Actuator  roil  ends  and  outer 
shroud  are  tonnociudlo  the  shroud  support  system  end  tiny, 

The  trailing  edge  flaps  are  assembled  in  a  loose  holding  fixlura.  ')  t>« 
flaps  are  than  connected  lo  liingne  on  the  sbroud  siippr>rl  and  ring  After 
Ilia  tnlerconnui  tiny  anal  plains  n  i «  installed,  tha  flap  huldlny  fixture 
is  removed . 
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PRIMARY  COMBUSTION  CHAMBER 
Figure  213-6 
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STJ227  CROSS-SECTION  DRAWING 


Figure  2B-Z4  (Cont'd) 
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TYPICAL  FULL  AFTERBURNING  TURBOJET  EJECTOR 


Figure  2B-25 


pOw'Hn«>Ic  * '  S  'l«> 

0«Cv  *■•#■*£>  •!  »•*« 

DOO  »  »O0  '8 


CONFIDENTIAL 


1.00 


PRATT  A  WHITNEY  AIRCRAFT 


CONFIDENTIAL. 


PWA-2600 


COMPARISON  OF  SCALE  MODEL  BLOW -IN  DOOR 
EJECTOR  WITH  GOAL  VALUES 


Figure  2B-27 
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VAPIABLE  INLET  GUIDE  DIAGRAM 


Figure  2B-3I 


CONFIDENTIAL 


PWA-2600 


mmm 


miM*  *  wHitMuv  AinerfAr  r 


CONFIDENTIAL 


PWA-2600 


1 


I 


GENERAL  INLET  CASE  CONSTRUCTION  AND  ASSEMBLY 


Figure  2B-32 
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EXTENDED  ROOT  BLADE  WITH  MECHANICAL  DAMPING 

Figure  2B-35 
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TYPICAL  JT1  iD-20  DESCENT  DISK  TEMPERATURES 

Figure  213-40 
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EFFECT  OF  THERMAL  GRADIENTS  ON  LCF  LIFE 
Figure  2B-42 
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S.C.F.  RIM  TANGENTIAL  STRESS  -  psi/1000 
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TYPICAL  COMPRESSOR  DISK  THERMAL  GRADIENT  (250  "F  A?) 

Figure  2B-43 
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TYPICAL  COMPRESSOR  DISK  THERMAL  GRADIENT  (130°F  ^T) 

Figure  2B-44 
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DIFFUSER  CASE  CONSTRUCTION 
Figure  2B-45 
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SECOND  STAGE  TURBINE  VANE 
Figure  2B-48 
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FIRST  STAGE  BLADE  AND  DISK  COOLING  PASSAGES 

Figure  2B-49 
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TURBINE  EXHAUST  SECTION 
Figure  2B-53 
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TURBINE  EXIT  GUIDE  VANE  OUTER  ATTACHMENT 


Figure  2B-54 
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Figure  2B-56 
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